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PREFACE 


This  Seminar  Is  held  as  a  medium  by  which  there  may  be  a  free 
exchange  of  information  regarding  explosives  safety.  With  this  idea 
in  mind,  these  minutes  are  being  provided  for  your  Information.  The 
presentations  made  at  this  Seminar  do  not  Imply  indorsement  of  the 
Ideas,  accuracy  of  facts  presented,  or  any  product,  by  either  the 
Department  of  Defense  Explosives  Safety  Board  or  the  Department  of  Defense. 


D.  G.  HOECH 
Captain,  USN 
Chairman 
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These  proceedings  are  published  for  Information  as  an 
accommodation  to  the  participants  at  the  Seminar. 

The  Deoartment  of  Defense  Explosives  Safety  Board  cannot 
accept  responsibility  for  the  correctness  of  those  papers 
which  have  been  directly  reproduced  from  copy  furnished 
by  the  authors. 
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WELCOME 


Colonel  Alton  W.  Powell,  USAF 
Chairman 

Department  of  Defense  Explosives  Safety  Board 


Good  morning,  ladles  and  gentlemen.  I  am  Colonel  Alton  Powell,  Clialrman, 
Department  of  Defense  Explosives  Safety  Board. 

It  is  with  considerable  pleasure  that  I  welcome  you  to  our  Twentieth 
Explosives  Safety  Seminar.  It  Is  good  to  see  so  many  friends  and  familiar 
faces.  Since  it  Is  the  mission  of  the  DDESB  to  keep  Informed  of  conditions 
affecting  safety  wherever  U.S.  titled  ammunition  and  explosives  are  found, 

I  have  traveled  extensively  during  my  three  years  as  Chairman.  Thus  I  have 
met  many  of  you  on  your  home  turf  and  become  aware,  first  hand,  of  the 
problems  and  concerns  you  must  deal  with  day-by-day.  With  the  onslaught 
of  the  electronic /computer  age,  we  are  able  to  solve  many  problems  of 
yesteryear,  but  new  problems  have  arisen;  how  far  are  we  to  permit  the 
computer  to  control  production/manufacturing  processes,  test  and  operate 
weapon  systems,  etc.?  Concessions  have  been  made  with  respect  to  quantity- 
distance  requirements  for  Insensitive  high  explosive  substances  and 
articles.  How  much  more  relaxation  should  be  permitted?  Should  the  tools 
of  the  systems  engineers,  such  as  risk  analysis  be  used  more  In  the 
explosives  safety  decision  making  process?  Some  people  think  so.  There 
are  many  more  problems /questions  that  face  us  today  which  are  demanding 
answers.  That  is  one  of  the  Important  reasons  for  holding  this  seminar; 
to  provide  you  (hopefully)  answers  to  some  of  your  questions;  but,  more 
than  that,  this  seminar  la  being  held  to  stimulate  you  professionally  by 
providing  you  avenues  to  knowledge  with  which  to  aid  you  in  seeking 
solutions  not  provided  here.  Solving  your  problem  will  make  our  nation's 
defense  posture  not  only  safer  but  stronger.  With  world  events  as  they 
are  today,  that  should  be  foremost.  I,  therefore,  challenge  you  to  use 
this  seminar  as  a  vehicle  for  solving  your  problems  and  answering  your 
questions.  We  encourage  you  to  fully  participate.  I  believe  our  program 
will  make  you  want  to  do  Just  that! 

Let  me  now  Introduce  the  current  members  of  the  Explosives  Safety  Board. 
Colonel  Bobby  Robln:3on  is  the  Department  of  the  Army  Board  Member. 

Colonel  Robinson  is  Chief  of  the  Chemical  Division,  Deputy  Chief  of 
Staff,  Operations  and  Plans.  Unfortunately  Colonel  Robinson  could  not  be 
with  us  today.  In  his  stead  we  have  Department  of  the  Army  Alternate 
Board  Member,  Mr.  James  Cuakley.  Jim  is  on  the  staff  of  the  Army  Safety 
Program  Director.  From  the  Department  of  the  Navy,  Captain  Virgil  E. 
Strickland  Jr.  Virgil  is  Head  of  the  Ordnance  Materiel  Management  Branch 
in  the  Office  of  Chief  of  Naval  Operations.  Regrettably  also.  Captain 
Strickland  could  not  be  with  us  today.  In  his  stead  we  have  Department 
of  the  Navy  Alternate  Board  Member,  Mr.  Carlo  Ferraro,  Jr.  Carlo  is 
Head  of  the  ISxploslves  and  Nuclear  Weapons  Safety  Section  in  CNO.  From 
the  Department  of  the  Air  Force,  Colonel  Jim  McQueen.  Jim  is  the  Chief 
of  Weapons  Safety,  Deputy  Inspector  General,  Headquarters  Air  Force. 

1 


1  would  also  like  to  particularly  welcome  several  of  our  professional 
friends  in  the  audience  from  other  countries:  from  France,  Generali Toche 
and  General  Roure:  from  the  United  Kingdom,  Air  Commodore  Robinson. 

At  this  time,  It  is  my  pleasure  to  Introduce  our  keynote  speaker. 

Dr.  Sharon  B.  Lord,  Deputy  Assistant  Secretary  for  Equal  Opportunity  and 
Safety  Policy. 
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I  am  delighted  to  be  with  you  here  In  Norfolk  today.  This  Is  a  wonderful 
opportunity  to  meet  the  people  Who  are  In  the  forefront  of  the  continuing 
effort  to  control  the  awesome  but  Indiscriminate  destructive  power  of  the 
explosive  materials  and  devices  upon  which  we  rely  for  the  defense  of  our 
nation.  That  this  Is  a  matter  of  International  concern  Is  attested  by 
the  large  nundter  of  persons  here  representing  other  nations.  We  weleome 
all  of  you  and  hope  this  will  be  a  mutually  beneficial  experience.  Our 
common  cause  of  protecting  life  and  property  from  the  harmful  effects  of 
accidents  Involving  ammunition  and  explosives  la  certainly  one  tliat  all 
nations  can  support. 

Apart  from  sincere  humanitarian  concern  for  the  safety  of  our  personnel, 

DoD  has  a  most  vital  concern  for  the  prevention  of  all  avoidable  mishaps 
In  terms  of  readiness  to  perform  our  national  defense  mission.  Every 
man  or  woman,  military  or  civilian,  who  Is  Incapacitated  and  every  piece 
of  equipment  or  system  accidentally  damaged  or  destroyed  diminishes  that 
readiness.  Accordingly,  an  essential  element  of  overall  DoD  policy  Is: 

.  To  protect  all  DoD  personnel  from  on-the-job  injuries  and 
occupational  Illnesses 

.  To  protect  DoD  material  resources  from  accidental  damage 
or  destruction 

.  To  protect  the  public  from  possible  hazards  associated 
with  DoD  operations,  and 

.  To  comply  with  applicable  safety  and  occupational  health 

regulations  which  Federal  or  State  regulatory  agencies  promulgate. 

Because  of  the  Inherent  hazard  potential  of  ammunition  and  explosives, 
in  no  other  element  of  the  overall  DoD  safety  program  Is  it  more 
Important  that  these  policies  be  effectively  Implemented.  For  that 
reason,  as  well  as  the  fact  that  this  Is  an  explosives  safety  seminar, 

I  will  focus  on  that  aspect  of  the  Dod  Safety  Program. 

In  consonance  with  the  Administration's  and  Secretary  Weinberger's  policies 
we  In  office.  Secretary  of  Defense  are  working  to  ease  excessive  regulatory 
burdens  wherever  possible;  to  move  progressively  from  micro-management 
toward  more  general  oversight  and  evaluation  of  bottom-line  results,  and 
to  use  our  Influence  to  support  safety  management  Initiatives  of  the  DoD 
components.  We  are  acutely  aware  that  being  a  responsibility  of  management 
safety  policy  Is  subject  to  the  same  threats  to  good  management  as  any 
other  function,  and  safety  Is  perhaps  more  critical.  If  other  management 
techniques  are  grossly  inefficient,  time  and  money  are  lost  and  perhaps 
an  enterprise  falls.  If  our  management  of  safety  is  bad,  lives  are  lost. 
Knowing  this,  there  is  a  natural  tendency  to  overmanage — to  write  standing 
operating  procedures  rather  than  policies,  and  specif ication-type  rather 
than  performance- type  safety  standards.  There  is  that  fear  that  if  we  at 
the  top  do  not  think  of  every  possibility  and  provide  for  It,  an  accident 
may  happen  and  a  life  may  be  lost.  Noble  as  the  intent  uay  be,  we  can't 


think  of  them  all  and,  by  attempting  to  do  so,  we  stifle  Initiatives 
at  lower  levels  that  are  likely  to  be  more  effective.  Many  of  these 
Initiatives  are  the  direct  result  of  knowledge  gained  and  Ideas  spawned 
by  these  biennial  explosives  safety  seminars. 


We  fully  realize  that  our  safety  program  has  to  be  a  balance  between  one 
that  provides  for  total  protection  of  life  and  property  and  one  that  per~ 
mits  operators  to  conduct  activities  in  a  “lalsse-falre"  manner  without 
considerations  for  preservation  of  life  and  property.  A  proper  approach 
to  safety  Is  a  reasonable  application  of  safety  principles  that  enhance, 
not  Inhibit,  operations.  The  guarded  Interests  of  both  safety  and 
operations  can  be  served  by  establishing  an  awareness  of  safety  principles 
in  operators  that  results  In  preservation  of  assets  and  creates  a  safe 
working  environment  that  Increases  worker  efficiency.  To  accomplish  this 
In  the  area  of  explosives  safety,  DoD  has  published  ammunition  and  explo¬ 
sives  safety  standards  that,  when  applied  with  general  safety  principles, 
will  provide  for  containment  of  the  accident  and  reasonable  protection 
or  life  and  property. 


The  objective  of  our  explosives  safety  program  is  to  provide  maximum 
protection  against  Injury  to  personnel  and  damage  to  property  consistent 
with  o^ratlonal  requirements.  Toward  this  end  our  goals  ar^ 

iy  To  eliminate  unnecessary  risks  to  life  and  property  from 

the  harmful  effects  of  accidents/ 

. . . — 

a  To  make  safety  an  essential  conllderatlon  In  all  facilities 


and  operations  planning 


To  Insure  that  safety  is  a  total  life-cycle  consideration 
for  ammunition  and  exploslvesr  and 


0^' 


To  eliminate  deviations  from  ammunition  and  explosives  safety 
standards  that  are  not  essential  or  are  not  justified  on  the 
basis  that  the  Increased  risks  are  Insignificant  In  comparison 
with  the  cost  of  achieving  compliance. 

A- 

We  are  making  progress.  Improvements  In  explosives  safety  have  occurred 
through  reductions  of  exposure  of  personnel  and  property  both  inside 
and  outside  Installation  boundaries.  The  greatest  emphasis  has  been  in 
reducing  or  eliminating  exposure  outside  Installations  where  we  have  no 
control  over  development  and  encroachment  Is  likely  to  occur.  Encroach¬ 
ment  on  DoD  explosives  facilities  has  been  a  problem  and  many  Installations 
cannot  make  maximum  use  of  existing  explosives  storage  structures  because 
to  do  so  would  endanger  life  and  improved  property  located  on  non-Federal 
land.  A  serious  explosives  accident  with  effects  off-base  may  result  In 
not  only  loss  of  life  and  property,  but  also  credibility  for  DoD.  Without 
elaborating  on  this,  I  am  sure  you  can  see  the  many  damaging  ramifications 
of  such  an  accident. 
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Other  recent  achievements  of  note  are 


.  Gains  have  been  made  In  reducing  exposure  Inside  Installation 
boundaries  through  new  construction  projects  and  restriction 
of  storage  and  operations. 

.  DoD  ammunition  and  explosives  safety  standards  have  been  extended 
to  cover  chemical  agents  and  ammunition,  and  worker  protection. 

.  Knowledge  about  model  testing  has  been  gained  through  comparison 
of  model  scale  tests  with  results  of  full  scale  tests  of  like 
structures  In  the  distant  runner  series  of  tests  at  White  Sands  last 
fall. 

.  Criteria  have  been  developed  for  testing  and  hazard  classifying 
Insensitive  high  explosives  substances  and  articles  containing 
Insensitive  high  explosives. 

.  Increased  efforts  by  the  services  to  Insure  that  all  construction 
projects  Involving  ammunition  and  explosives  receive  complete  safety 
review  and  that  new  facilities  are  sited  to  provide  long  term 
protection  against  encroachment. 

Despite  these  Improvements  In  explosives  safety,  there  Is  still  much  to  be 
accomplished.  The  DoD  explosives  safety  program  must  be  a  d3mamlc  flexible 
program  that  can  adapt  to  changes  In  explosives  technology,  weapons  technol¬ 
ogy,  and  explosives  weapon  storage  and  employment  requirements.  To  this 
end,  the  DoD  will  be  undertaking  a  critical  review  of  explosives  safety 
standards  to  ensure  they  are  "state-of-the-art"  standards.  Expansion  of 
these  standards  may  be  In  order  to  ensure  all  significant  hazards  have 
been  properly  addressed.  Consequently,  we  will  review  the  standards  for 
completeness.  Our  explosives  safety  surveys  will  continue  to  seek  out 
problems  and  Identify  practical  solutions.  We  look  to  the  DoD  components 
to  accept  the  challenge  of  our  goals  and  will  seek  evidence  of  positive 
action  In  our  safety  program  oversight  reviews  and  evaluations  of  bottom- 
line  results.  With  your  help  we  can  succeed.  We  ask  no  more— we  can 
accept  no  less. 

I've  looked  at  your  program  and  I  find  It  quite  Impressive,  both  In 
terms  of  subjects  covered  and  the  expertise  of  those  participating.  1 
am  certain  that  no  matter  what  your  specific  explosives  safety  Interests 
are,  the  next  three  days  will  afford  you  the  opportunity  to  explore 
them  profitably — I  wish  you  every  possible  success. 


Thank  you. 


ADDRESS 

by 

AIR  COalRODORE  FRANK  R03INS0II 
Ulnistry  of  Defenoe 

Chairman  Defenoe  iibroloeivee  Safety  Authority 
Chairman  Exploeivea  Storaige  and  Transport  Cooanittee 
Vice-President  Ordnance  Board 
London*  England 

at 

Twentieth  Deoartment  of  Defense  Explosives  Safety  Seminar 

ilorfolk,  Virginia 

August  2U»  1982 
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GOOD  HOMING,  LASISS  ANS  OSNTLfiUfiN. 


I  AM  INDEED  HONOURED  TO  ADDRESS  TlilS  DISTINGUISHED  GATHERING  OF 
EXPLOSIVES  SAFETY  EXPERTS  HERE  TODAY.  MY  THANKS  THEREFORE  TO  THE 
DEPARTMENT  OF  DEFE3I3S  EXPLOSIVES  SAFETY  BOARD  AND  TO  COLOm  ALTON 
PO^TEa  FOR  INVITING  MB  TO  SPEAK. 

MY  SUBJECT  TODAY  IS  THE  EFFECT  OF  THE  HEALTH  AND  SAFETY  AT  ,VORK 
ACT,  1974  ON  MILITARY  EXPLOSIVES  SAFETY  MANAGEMENT  IN  THE  UNITED 
KINGDOM,  AMD,  IN  PARTICULAR  THE  FORMATION  07  THE  DEFENCE  EXPLOSIVES 
SAFETY  AUTHORITY  (DESA).  THE  HSW  ACT  FOE  THE  VERY  FIRST  TIME, 
GRANTED  THE  OVERALL  RESPONSIBILITY  FOR  MONITORING  EXPLOSIVES  SAFETY 
IN  THE  UK  -  INCLUDING  SPONSORSHIP  OF  THE  NECESSARY  LEGISLATION  -  TO 
AN  INDEPENDENT  BODY  CALLED  THE  HEAl/TH  AND  SAFETY  EXECUTIVE  (HSE). 

SO  THE  MINISTRY  OF  DEFENCE,  BY  THIS  ONE  ACT,  LOST  ITS  SOLE  CONTROL 
OVER  MILITARY  EXPLOSIVES. 

HOff  DID  THE  1974  ACT  COMB  ABOUT?  WELL  IN  1972,  THE  OOVERNliENT 
OP  THE  DAY  FORMED  THE  'fiOBEN's  COMMITTEE  *  TO  SEE  HOW  THEY  COULD  BRING 
TOGETHER  THE  t-USSIVE  REGULATIONS  AND  ACTS  THEN  EXISTING  -  SUCH  AS  THE 
EXPLOSIVES  ACT,  THE  FACTORIES  ACT,  MINES  AND  C^UARRIES  ACT,  OFFICES, 
SHOPS  AND  RAILWAY  PREMISES  ACT,  BUILDING  REGULATIONS,  AND  SO  ON  - 
WHICH  ALL  IMPOSE  HEALTH  AND  SAFETY  DUTIES  ON  PEOPLE  AT  WORK,  AND 
S<DSEP  THEM  UP  UNDER  THE  UMBRELLA  OF  ONE  ALL  EMBRACING  ACT.  THE  OUT- 
C(»IE  OF  THIS  STUDY  WAS  THE  INTRODUCTION  OF  THE  1974  HSW  ACT. 

THE  OBJECTIVES  OF  THE  ACT  ARB  TO t 

a.  SECURE  THE  HEALTH,  SAFETY  AND  WELFARE  OF  PEOPLE  AT  WORK. 

b.  PROTECT  THE  GENERAL  PUBLIC  AGAINST  RISKS  TO  THEIR  HEALTH 

AND  SAFETY  ARISING  OUT  OF  WORK  AOTIVITIXS. 

0.  CONTROL  THE  KEEPING  AND  USE  OF  EXPLOSIVES  OR  HIGHLY 

FLAMMABLE  OR  OTHERWISE  DANGEROUS  SUBSTANCES  AND  GENBRALLT 

PREVaST  PEOPLE  FROM  UNLAWFULLY  HAVING  AND  USING  SUCH 


8UB3TANGBS 


d.  CONTROL  THis:  RiSLEASh)  IRTO  THE  ATMOSPHERli,  OP  NOXIOUS  OR 

OPFEl^SIVE  SUBSTANCES. 

THE  ACT  ESTABLISHliN)  TWO  NEW  BODIES  UNDER  THE  SECRETARY  OF  STATE  FOH 
E^LOYMEKT;  THE  HEALTH  AND  SAEETY  omilSSlON  (HSC)  AND  THE  HEALTH  AND 
SAPSTY  EXECUTIVE  (HSE) ,  IN  ORDER  TO  PHOaOTB  THE  OBJECTIVES  OP  THE  ACT 
AND  TO  ENSURE  ITS  PROVISIONS  WERE  IMPLEMENTED. 

THE  HEALTH  AND  SAW  'ilTi  COMMISSION  CONSISTS  OP  A  FULL-TIME  CHAIRMAN 
AND  BET.VE!i3f  SIX  AND  NINE  PART-TIME  MEMBERS,  ALL  OF  WHOM  ARE  APPOINTED 
BY  rHE  SECREl'ARY  OP  STATE  FOR  EMPLOK4ENT  (3  OP  S) .  •  THE  3  OP  S  IS 
REQUIRED  'ro  CONSULT  Ea’LOYERS*  ORGANISATIONS  ABOUT  THREE  MiUBERS, 
liilPLOYESS*  ORGANISATIONS  i.e.  THE  TRADE  UNIONS,  ABOUT  THREE  OTHER 
MLCIBSRS  AMD  LOCAL  AUTHORITIES  AND  OTHER  APPROPRIATE  ORGANISATIONS, 
INCLUDING  PROFESSIONAL  BODIES,  ABOUT  THE  REST. 

THE  C0M:«3SI0N'8  DUTIES  INCLUDE  PROMOTING  THE  OBJECTIVES  OP  THE  ACT, 
CARRYING  OUT  AND  KNCOUiiAGING  RESEARCH  AND  TRAINING  INTO  SAP-JTY,  PROVIDING 
AN  INPOH^^ATION  AND  ADVISORY  SERVICE  AND  ADVISING  THE  GOVERNMENT  OP  ANY 
REXJULATIONS  UNDER  THE  ACT. 

T!IS  HEALTH  AND  SAFETY  EXECUTIVE  CONSISTS  OP  THREE  PULL-TIME  MdTJB^RS, 
.7HO  ARE  Ai’i;X)INTED  BY  THE  HSC  PLUS  A  SUPPOkTING  STAFF. 

THE  EXSCUTIVE'e  DUTIES  INCLUDE  MAXING  ARRANCE.IENTS  rOR  liNiXJRCEi^JTT 
OF  THE  LEC;lSLATION,  INITIATING  NEW  Li!A;lSLATION  AND  CARRYING  OUT  OTHER 
TASKS  GIVEN  TO  IT  BY  THE  COMMISSION.  IN  PRACTICE,  H3E  CARRIES  OUT  THE 
DAY-TO-DAY  WOi«  NECESSARY  TO  ENABLE  THE  COMMISSION  TO  PERFORM  ITS 
FUNCTIONS.  TO  DO  THIS,  IT  HAS  SIX  IN3PSCT0iiAT‘«  COVERING  AGRICULTURE, 
ALKALINE  AND  CLEAN  AIR,  clXPLOSIVES,  FACTORIES,  MI^(E3  AND  r^UARRIiiS  AND 
NUCLEAR  INSTALLATIONS.  THERE  ARE  ALSO  POLICY  BRAIlCHES,  A  RESEARCH 
DIVISION  PLUS  OT'ffiR  STAFF  TO  ENABLE  TT  TO  CARRY  OUT  THE  COSrnSSION's 


FUNCTIONS 


lOSAY  US  SHALL  CONCESH  OURSELVES  tiTITH  THE  INSPSCTOKATS  OF  cSCPLOSIVES, 
AND  THE  CHANGES  WHICH  HAVE  OCCURRED  IN  THE  MOD  DEFENCE  STRUCTURE  IN  ORDER 
TO  CATER  FOR  THE  IMPLICATIONS  OF  THE  1974  HSW  ACT. 

AT  THE  RISE  OF  BORING  SOME  OF  YOU  KJT  FOR  THE  BENEFIT  OF  THOSE  NOT 
CONVERSANT  17ITH  THE  UK  MILITARY  EXPLOSIVES  SAFiflTY  ilANAOiarENT  SYSTOa, 

PLEASE  ALLOW  ME  TO  DwELL  A  MOMENT  ON  THE  HISTORY  OF  THE  ORGANISATION. 

START  WAY  BACK  IN  OCTOBER  ld74>  'VHEN  A  TRAIN  OF  SIX  LIGHT  BARGES 
WAS  PASSING  ALONG  THE  REGENTS  PARK  CANAL  IN  LONDON.  LET  ME  NOli'  QUOTE 
FROM  THE  ILLUSTRATED  LONDON  NEWS  DATED  lO  OCTOBER  1874. 

"AMONG  THESE  BARffiiS  WAS  THE  UNFORTUNATE  TILBURY  WHOSE  CARGO 
CONTAINED  SUGAR,  NUTS,  STRA'.VBOARDS,  COFFEE,  T.K>  OR  THREE 
barrels  of  PETROLEUM  AND  ABOUT  FIVE  TONS  OF  GlAH>OHIDER. 

THE  POWDER  WAS  EN  ROUTE  TO  NOTTINGHAM  PROM  THK  WALTHAM  ABBEY 
MILLS,  ESSEX.  THE  TILBURY  WAS  DIRECTLY  UNDER  THE  ilACCLESFIELD 
ROAD  BRIDGE  .VIIEN,  BY  SOME  ?4EANS  UirEXPLAINED,  THE  PO  ,*DER  CAUGHT 
FIRE  Ain)  THE  V/HOLB  WAS  BLOWN  UP.  THE  BRIDGE  WAS  EHTiaELY 
DESTROYED!  SEVERAL  OF  THE  irSIGHBOURING  HOUSES  'ilERS  HALF- 
RUINED,  THEIR  ROOF'S  AND  WALLS  BEING  GREATLY  LNJURED,  AND  IN 
HUNDREDS  OF  OTHER  HOUSES,  A  MILE  EAST  OR  WEST  OF  THE  PLACE, 

THE  WINLO'.«S  WERE  BROKEN,  AIID  MANY  FRAGILE  ARTIOLES  OF 
FURNITURE. ' 

LETT  MB  ADD  FOR  THOSE  IN'TERESTED  IN  TAKING  TERRAIN  INTO  ACCOUNT  ilOm 
CALCULATING  SAFETY  DISTANCES  THAT  AS  THE  ILLUSTRATED  LONDON  NE'WS  GOES  ON 
TO  SAYt 
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"IT  MUST,  HO'NBVBR,  BE  CONFESSED  THAT  THE  EFFECT  OF  SUCK  AS 
SXP1.0SI0N  MIORT  HAVE  BEEN  MUCH  WORSE,  IF  IT  HAD  TAKEN  PLACE 
IN  A  TUNNEL  AMIDST  THE  CROWDED  BUILDINCS  OF  FINSBURY  OR 
PBNTONVILLE,  OR  AT  ANY  FOOKF  ..ItERE,  AS  IN  KENTISH  TOWN,  THE 
SURFACE  OF  THE  WATER  IS  NEAR  THE  LEVEL  OF  THE  ADJOINING 
STREETS.  THE  FRAGMENTS  OF  THE  BARGE  AND  CARGO  'X)ULD,  IN 
THE  LATTER  CASE,  HAVE  BEEN  HURLED  RIGHT  AND  LEFT,  A  HUNDRED 
YARDS  OR  MORE  '.VITH  TERRIBLE  FORCE  AND  EFFECT}  INSTEAD  OF 
.VHICH  TIIBY  vflfiRE  MOSTLY  CONFINED  TO  THE  DEEP  CUTTING  OP  THE 
CANAL." 

THE  RESULTANT  PUBLIC  OUTCRY  LED  TO  THE  PARLIAMaNT  OP  THE  DAY 
PASSING  THE  EXPLOSIVES  ACT,  1875.  *  HOWEVER  IT  WAS  SAID  AT  THE  TIME 
BY  THE  EDITOR  OP  THE  ILLUSTRATED  LONDON  NEWS,  THATi 

"SUCH  CASUALTIES  AS  THAT  OP  FRIDAY  MORtllNO  NEVER  HAPPEN 
IN  CONNECTION  WITH  EITHER  THE  AHhlY  OH  THE  NAVY,  BECAUSE 
THE  STORAGE  AND  CONVEYANCE  OF  GUNPOWDER  FOR  AND  BY  EITHER 
ARE  ALWAYS  CONDUCTED  UNDER  THE  STRICTEST  REGULATIONS." 

THIS  DOUBTLESS  LED  TO  SECTION  OF  THE  ACT,  WHEREBY  THE  CRO.«N  WAS 
EXE^JPTED,  AND  THE  SECRETARY  OF  STATE  FOR  DEFENCE  WAS  EMPOWERED  TO 
MAKE  REGULATIONS  FOR  THE  SAFE  CONDUCT  OF  MILITARY  EXPLOSIVES  AFFAIRS. 
THIS  HAS  REMAINED  SO,  RIGHT  UP  TO  THE  PASSING  OF  THE  1974  HSW  ACT, 
V-HEN,  DESPITE  PLrNlS  FOR  THE  CONTINUANCE  OP  TliE  CROWN  EXEMPTION,  NO 
SUCH  EXEI^ION  WAS  GRANTED,  AND,  AS  I  SAID  EARLIER,  MOD  LOST  ITS 
ABSOLUTE  Q^BDL  OVER  ITS  OWN  EXPLOSIVES  AFFAIRS. 

Aprsa  ;roRLD  war  i,  the  continuing  expansion  op  explosives 
ACTIVITIES  IN  THE  UK,  RESULTING  FROM  THE  FORMATION  OP  THE  RAF,  THE 
CONTINUANCE  OF  A  LARGE  NAVY  AND  ARI^  PLUS  AN  INCREASING  fUiSEARCH, 
DEVBLOPMiaiT  AND  MANUFACTURING  CAPABILITY,  LED  TO  THE  DECISION  THAT 
SOME  CENTRALISED  BODY  WAS  NEEDED  TO  INFLUENCE  KIAHAGE&'iSNT  OF  THE 
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MILITARr  ':JCPLOSIV£S  SAFETY  FIKLD.  S0»  IN  192^,  THE  EXPLOSIVES  STORAGE 
AND  TBANSPORT  COMMITTEE  (ESTC)  WAS  FORMED.  EVER  SINCE,  THE  ESTC  HAS 
BEEN  THE  MEANS  THROUGH  WHICH  THE  S  OF  S  FOR  DEFENCE  HAS  DISCHARGED  THE 
RESPONSIBILITIES  DELEGATED  TO  HIM  BY  THE  1873  EXPLOSIVES  ACT. 

TO  RJLFIL  ITS  ROLE,  THE  BASIC  TASKS  OF  THE  ESTC,  WHICH  ARE  INTER¬ 
RELATED  AND  FOLLOV;  IN  A  LOGICAL  PATTERN,  ARB  AS  FOLLOWS.  FIRSTLY. 
HAZARD  CLASSIFICATION  OP  EVERY  MUNITION  BY  TEST,  OR  ANALOGY  TO  PREVIOUS 
LIKE  MUNITIONS  -  THE  PRIME  TASK,  FOR,  PROM  THIS  ALL  OUR  OTHER  WORK 
POLLOiVS  -  AND,  LIKE  OTHER  NATIONS,  v/fi  MOW  FOLLOW  THE  UN  CLASSIFICATIONS 
AS  PUBLISHED  IN  1970.  SECONDLY,  THE  COMMITTEE  FORMULATES  AND  ISSUES 
THE  PRESCRIPTIONS  FOR  EXPLOSIVES  '^UAiJTITY  DISTANCES.  THIRDLY,  THERE 
IS  THE  FORMULATION  AND  ISSUING  OP  PRESCRIPTIONS  COVERLNG  THE 
CONSTRUCTION  OF  EXPLOSIVES  STORAGE  BUILDINGS,  TRAVERSES  OR  BARRICADES. 
fourthly.  IS  THE  RAISING  OP  STATUTORY  INSTHUtilENTS  (SIb)  REGULATING 
THE  MOVEMENT  OP  MUNITIONS!  THERE  ARE,  AT  PRESENT,  THREE  SUCH  Sis, 
COVERINO  PORTS  AMD  HARBOURS,  ROADS  AND  RAIL. 

TO  COVER  THESE  TASKS  THE  ESTC  HAS  A  NUMBER  OP  SUB-COMMITTEES,  EACH 
COMPRISING  EXPERTS  IN  A  PARTICULAR  AREA.  THESE  COiaiTTEES  ARE  ADDED 
TO  OR  DISBANDED  TO  SUIT  PREVAILING  CIRCUMSTANCES. 

THE  PLACE  OP  THE  ESTC  IN  THE  UK  OtfiANISATION  FOR  EXPLOSIVES  SAPETI 
IS  SHOWN  ON  THIS  SLIDE.  FOR  MILITARY  EXPLOSIVES  THE  CLOSE  ASSOCIATION 
BETWEEN  THE  ESTC  AND  THE  ORDNANCE  BOARD  (OB)  IS  DEPICTED  (IN  FACT  THE 
CHAIRMAN  OF  THE  ESTC  IS  ALSO  A  VICB-PaESIDENT'  OF  THE  OB). 

THE  IMPORTANT  FACT  TO  BEAR  IN  MIND  IS  THAT  THE  ESTC,  IS  AN 
INDEPENDENT  BODY.  IT  OWES  ITS  ALLEGIANCE  TO  THE  MINISTRY  OF  DEFENCE 
(MOD)  BUT  NOT  TO  THE  INDIVIDUAL  SERVICES.  IT  ALSO  GATHERS  ITS 
INFORMATION  AND  ADVICE  FROM  PERSONS  iVITHIN  AND  OUTSIDE  THE  MOD  AND 
INCLUDES  MEMBERS  OF  THE  HSfi  ON  ITS  MAIN  AtlD  SOME  OF  ITS  SUB-COMMITTEES. 
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THE  HUB  OP  THE  RELATIONSHIP  \¥ITH  MOD  STAFFS  IS  THAT  WHILE  THE  ESTC 
PREPARES  ADVICE  AND  THE  MOD  STAFFS  INVARIABLY  TAKE  NOTE  OF  IT,  THERE  IS 
NO  LEGAL  OBLIGATION  FOR  STAFFS  TO  OBSERVE  OH  El^FORCE  ESTC  PRESCRIPTIONS. 
THE  INDIVIDUAL  SERVICE  AND  PE  ELEMENTS  OF  MOD  WRITE  THEIR  OW  EXPLOSIVES 
REGULATIONS  BASED  ON  ESTC  PRESCRIPTIONS  AMD  ARE  SEPARATELY  RESPONSIBLE 
FOR  ENFORCEMENT. 

HAVING  LOOKED  AT  THE  PAST,  NOW  LET  US  SEE  iVHAT  CHANGES  ARE  NECESSARY 
IN  ORDER  TO  MEET  THE  HEQUlHEJiiNTS  OP  THE  197L  HSW  ACT.  HERE  IT  IS 
IMPORTANT  TO  BEAR  IN  MIND  THAT  THE  HSC  HAVE  THE  POWBR,AND  THE  INTENTION, 

TO  OUBARK  ON  A  COMPLETE  MODERNISATION  OP  EXPLOSIVES  LAV,  INCLUDING  THE 
RSPLACailJNT  OP  THE  EXPLOSIVES  ACT  1875.  FURTHER,  IT  IS  THEY  WHO  ARE 
NOW  EMPOiVERED  WITH  ISSUING  THE  Sla  COVERING  THE  STORAGE  AND  TRANSPORTATION 
OP  EXPLOSIVES  -  BOTH  FOR  CIVIL  AMD  MILITARY  USES.  FINALLY,  THEY  ARE 
REQUIRED  TO  OVERSEE  THE  ENFORCEMENT  OP  MOD'b  EXPLOSIVES  REGULATIONS 
THHOUGTIOUT  THE  SERVICE  DEPOTS,  STORAGE  AREAS,  RESEARCH  ESTABLISIMENTS  AND 
THE  ROYAL  ORDNANCE  FACTORIES  (iVKICH  STILL  MAINPAIN  THE  MAJOR  MILITARY 
EXPLOSIVES  MANUFACTURING  AND  PILLING  FACILITIES  IN  THE  UK.)  30,  UNLIKE 
THE  ESTC,  'WHICH  IS  AN  INDEPENDENT  ADVISORY  BODY  WITHOUT  ANY  EXECUTIVE 
AUTHORITY,  THE  HSE  IS  AN  ENFORCING  AUTHORITY. 

EVER  SINCE  THE  PASSING  OF  THE  1974  HSW  ACT,  DISCUSSIONS  AND 
NEGOTIATIONS  HAVE  FOLLOWED  CONCERNING  THE  BEST  WAY  THAT  HSE  SHOULD  TAKE 
ON  ITS  NB'W  ROLE  IN  THE  MOD  EXPLOSIVES  AREAS.  '  THE  OUTCOME  OF  THESE 
NEGOTIATIONS  WAS  THE  FORMATION  ON  1  JANUARY,  1982,  OF  THE  DEFENCE 
EXPLOSIVES  SAFEXPY  AUTHORITY  (DESA).  ITS  AIM  IS  THE  PROVISION  OF 
MACHINERY  TO  ASSIST  'WITH  THE  MONITORING  OF  MOD  £Xi>LOSlVi'S  AREAS  TO 
UNSURE  COMPLIANCE  ViITH  THE  HSW  ACT.  IT  IS  A  FORUM  IN  ^VHICH  CONFLICTS 
BEPy®i»  DEFENCE  IMPERATIVES  AHD  THE  OBLIGATIONS  OF  THE  HSW  ACT  AND  OTHifi 
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IBOISLATION  WILL  BE  RECONCILED.  IT  MUST  OVERSEE  THE  PROVISIONS  FOR 
HEALTH  AND  SAFETY  IN  MOD  EXPLOSIVES  AREAS,  ARRANGE  FOR  AUDITING  OP 
THESE  PROVISIONS  AND  GIVE  GUIDANCE  ON  ENFORCEMENT  POLICY  //HERE  THIS 
IS  NECESSARY. 

DESA  IS  MADE  UP  OP  FOUR  DISTINCT  PARTS  BACH  HAVING  A  DEFINITIVE 
ROLE  TO  PLAY* 

a.  A  MANAGEMENT  COMillTTEE  COMPRISING  i'HE  DIRECTOR  GENERAL 
DG/HSE  AilD  THE  PERMANENT  UNDER  SECRETARY  (2nd  PUSVi-SOD* 

b.  A  CENTRAL  COMMITTEE  V/HICH  REPORTS  TO  THE  UANAGELIENT 
COMilITTEE  AiADE  UP  OP  EXPERTS  IN  EXPLOSIVES  POLICY  AND 
TECHNOLOGY  PROM  MOD  AliD  HSB. 

o.  THE  INTERNAL  INSPECTORATE  ORGANISATION  ’^ICH  ALREADY 
EXISTS  WITHIN  MOD  UNDER  THE  COUidAND  OP  DEPAHTTAEN'rAL  CHIEF 
INSPECTORS  AiJD  VvHICH  RESPONDS  TO  THE  CENTRAL  COMMITTEE 
THROUGH  THEM. 

d.  AN  AUDIT  TEAM  WHICH  IS  UNDER  THE  COMMAND  OP  HM  CHIEF 
INSPECTOR  OP  EXPLOSIVES  HSB  AND  V/HICH  RESPONDS  TO  THE 
CENTRAL  COMMITTEE  THROUGH  HIM. 

THK  MANAGBJENT  CCatMITTBE  WILL  Pi^DVIDB  A  GENERAL  OVERSIGHT  OP  THE 
WORK  OP  DESA.  IN  ADDITION,  IT  WILL  TRY  TO  RESOLVE  ANY  MAJOR 
DISAGREEMENTS  WHICH  MIGHT  ARISE  BETIVEEN  MOD  AND  HSB  IN  THE  CONDUCT 
OP  H3W  AFFAIRS. 

THE  CENTRAL  COMMITTEE  IS  CHAIRED  BY  THE  VICE-PRESIDENT  OP  THE 
ORDNANCE  BOARD  V/HO  IS  ALSO  CHAIRMAN  OP  THE  ESTC.  THE  VICE-CHAIRMAN 
IS  THE  HEAD  OP  1SXPL03IVE3  POLICY  AT  THE  H3E.  THESE  TV/0  POSTS 
IN)TATE  ANNUALLY.  MEMBERSHIP  IS  DRAWN  PROM  THE  CHIEF  INSPECTORS  OP 
EXPLOSIVES  OP  THE  3  SERVICES  AND  THE  PROCUREMENT  XBCUTIVE,  PLUS  HM  CHIEF 
INSP’iXJTOfl  OP  EXPLOSIVES  H3E  (WHO  IS  THE  DESA  CHIEF  AUDIT  INSPECTOR), 


14 


TOUETIIRH  WITH  REPRjSlSNTATIViiS  PROU  INTdREaTED  iOD  DiiRAmdKTS  AiW)  TlLi  113£. 
ITS  liaSRONSiaiLITIES  COVER! 

a.  INTi»DUCINQ  PROOEDURTiS  TTiROUGH  THE  W13DIUI/.  OP  PRESCRIPTIONS 
ALLOWING  DB3A  TO  PERFORM  ITS  PUi^CTIOSS  UaDER  THE  AORSaAm. 

b.  AGREEING  STANDARDS  FOR  COiJPLiANCE  WITH  THE  HSW  ACT  RE'^.UIRE- 
lilEWTS  IN  WOD  S3CPL0SIVE3  AREAS. 

c.  HEVIEiVING  THE  PROCEDURES  FOR  CONCESSIONS  AGAINST  THE  AGREED 
SAP’ETY  STANDARDS. 

d.  AGREEING  DESA  aONITORING  PROGRAILdES  Al^TD  RfXiEIVING  REPORTS 
PROM  THE  DEPARTMENTAL  CHIEF  INSPECTORS  AND  THE  CHIEF  INSPECTOR 
OF  AUDIT. 

e.  RECEIVING  ACCIDElfT  AND  DANGEROUS  OCCURREIJCE  .i'^  CRTS  AND 
THE  RESULTS  OP  EN-ilUIRIES  INTO  EXPLOSIVE  INCIDENTS. 

f.  RESOLVING  DIFFICULTIES  ARISING  OUT  OF  OHOVffl  NOTICE  ACTION. 

g.  REVIB'-VING  NEW  'ISS  L3GISLAT10U  CONCERNING  UOD  CONVENTIONAL 
-DCPLOSIVES  AND  THE  lUPLICATIONS  OS'  SUCH  LEGISLATION  ON  DESA 
STANDARDS  AND  DEFENCE  IMPERATIVES. 

h.  LIAISON  ./ITH  THE  :*5iTC. 

j.  PRODUCING  AN  ANNUAL  REPORT  FOR  'mE  UAIVAGEMENT  COivlI'ITTEE. 

THE  SERVICE  AND  PE  EXPLOSIVES  INSPECTORATES  ARE  RdSPOx^SISLE  FOR 
TH:i;  DAY-TO-DAY  COMPLIANCE  OF  THE  HS.V  ACT  IB  ACCORDANCE  WITH  THE  STANDARDS 
AGREED  3Y  THLl  CENTRAL  COMMITTEE. 

THE  AUDIT  TEA’i  IS  RESPONSIDLE  FOR  MONITOKING  COi.iPLI/U4CE  ./ITH  THE 
RE:^UIRBJENT  OP  THE  H3'.V  ACT  IN  MOD  EXPLOSIVES  AREAS.  TO  DO  THIS  IT 
NEEDS  TO  I 

a.  MONITOR  ALL  INTERNAL  INSPECTION  REPORTS  AND  ATTEND  SELECTED 
MOD  INTERIUL  INSPECTIONS  3Y  AOREEMaiT. 
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b.  CONDUCT  SAPOTY  AUDITS  IN  aOD  CONVENTIONAL  EXPLOSIVES  AHEAS, 
USING  AGAEIED  STAIQARDS,  '.VITH  A  RSPaESSiWATIVE  OP  TIE  INTEHNAL 
lilSPBCTORATE  IN  ATTENDANCE. 

0.  BXAillNE  EXPLOSIVES  LICENSING  AftRANOSJil-INTS . 

d.  COl'IDUCT  OH  PARTICIPATE  IN  ACCIDENT/INOIDENT  INVESTIGATIONS, 
AS  CONSIDERED  APPROPRIATE  BY  THE  CHIE?  INSPECTOR  OP  AUDIT. 

e.  INVESTIGATE  COfiPLAINTS  ABOUT  DEFICIEiJCIES  IN  HEALTH  AND 
SAi’tflY. 

f .  WHEN  NO  OTHER  ACTION  IS  POSSIBLE,  TAKE  ENPOHCING  ACTION, 

BY  SERVING  CROWN  PROHIBITION,  OH  IMPROVaiSENT  NOTICES,  AGAINST 
?JOD  ESTABLISHMENTS  AND  CONDUCTING  PROSECUTION  ACTION,  IP 
MRJCESSARY.  AS  YOU  CAN  V/PIiL  IMAGINE,  THIS  LATTER  POINT  HAS 
BEEN  AN  AREA  OP  GREAT  CONCERN  TO  THE  MOD  FOR  IT  HAS  VERY  .VIDE 
CONNOTATIONS  AND  IniPLICATIONS  ON  THE  V/AY  WE  IN  THE  SERVICES  DO 
OUR  JOB.  NEVERTHELESS,  IT  HAS  BEIEN  AGREED  THAT  THE  HSW  ACT  .'/ILL 
NOT  TASCE  PRECEDENCE  OVER  THE  SERVICE  DISOIPLETE  ACTS  AND  IT  HAS 
TO  BE  RECOGNISED  THAT  T®  SAFETY  OP  TIE  REALM  IS  TO  BE  CONSIDERED 
THE  PAfUiMOUIVT  FACTOR.  FURTHERMORE,  IT  HAS  BEEN  AGREED  THAT  THE 
HSE  HAS  NO  INTENTION  OF  PROSECUTING  AN  INDIVIDUAL  CIVIL  SERVANT 
IN  SUBSTITUTION  FOR  HIS  D/JPARTNENT.  THE  HSE  iVOULD  ONLY 
PHOSECUTP:  an  INDI’/IDUAL  CIVIL  SERVANT  .'.'HERE  THERE  IS  mPUL  OR 
RECKLESS  DISREGARD  OP  HEALTH  OR  SAFETY  REiUIIiSvlENTS.  iVITH 
SERVICBJEN  THE  SERVICES  'WOULD  USE  THEIR  0./N  .Ov/ERS  TO  D3AL  .'/ITH 
DISCIPLINARY  CHARGES  AND  ONLY  IN  VERY  'EXCEPTIONAL  CIRCUI.1S -AIVCES 
AND  V/ITH  THE  APPROVAL  OF  THE  MANAGEIJ^M'  COMiVUTTEE  WOULD  CIVIL 
COURTS  BE  INVOLVED. 
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FINALLY,  THE  AREA  THAT  WILL  BE  COVEHED  BY  DiS3A  WITH  RESPECT  TO 
BOTH  STANDARDS  AND  ENFORCGUENT,  WILL  BE  IN  THOSE  MOD  CONVENTIONAL 
EXPLOSIVES  AREAS  COVERING  MANUFACTURE,  PRODUCTION,  STORAGE,  CONVEYANCE, 
RESi^UlKCH,  DEVELOPMENT,  PROOF  AND  TRIALS.  IT  ^L  BE  RESPONSIBLE 
FORi 

a.  EXi'LOSIVES  HELD  READY  FOR  OPERATIONAL  USE,  IN  HH  SHIPS 
AilD  RFAs,  IN  ARMY  OPERATIONAL  UNITS  OR  IN  RAF  AIRCRAFT  OR 
STOCKS  DISPERSED  TO  SClUADRON  OPERATING  AREAS  IN  A  READY-FOR- 
USE  STATE. 

b.  AMMUNITION  AND  EXPLOSIVES  BEING  USED  FOR  OPERATIONAL 

TRAINING  PURPOSES  BY  OPERATIONAL  UNITS  OR  TRAINING 

« 

ESTABLISlMrNTS. 

0.  STATIC  ESTABLISHr.rsNTS  DURING  PERIODS  WHEN  THEY  ARE 
SUPPORTING  OPERATIONS  OR  DURING  MOBILISATION  EXERCISES. 

NOTEi  nSB‘9  RESPONSIBILITIES  CONCERNING  VISITING  FORCES  ARE  AT  PRESENT 
UNDER  INVESTIGATION  BUT  IT  IS  ENVISAGED  THAT  DESA  WILL  TREAT 
THa;  IN  THE  SAME  WAY  AS  THi-^  DO  THE  UK  SERVICES. 

SO  IN  SUieaNG  up,  VJIAT  has  been  toe  EFFECT  OP  THE  HSW  ACT  197L, 

ON  THE  UNITED  KINGDOM  MILITARY  EXPLOSIVES  SAFE-PY  MANAGffiENT  AREAi 

a.  THE  MOST  IMPORTANT,  ALTHOUGH  IT  WILL  BE  A  JK)NG  TIME 
BEFORE  IT  TAKES  EPFi<X)T,  IS  THAT  AN  OUTSIDE  BODY,  THE  HSE, 

IS  NOW  RESPONSIBLE  FOR  RAISING  THE  LEGISLATION,  THAT  IS  THE 
Sis,  CONCSBNING  THE  MANUFACTURE,  STORAGE  AND  TRAi^SPORTATION 
BY  ROAD,  SEA  AND  AIR  OF  MILITARY  "DtPLOSIV.'^  WITHIN  THE  UK. 

HOWEVER,  IT  IS  STILL  ENVISAGED  THAT  TH’:1  153TC  WILL  PLAY  A 
^AJOR  PART  IN  THE  INTRODUCTION  OF  SUCH  LEGISLAi'ION. 

b.  THE  INDIVIDUAL  SERVICE  AND  PE  hXPLOSiVES  IWSPsXJTO RATES 
..ILL  NO  LONGER  BE  SELF  ACCOUOTINO.  THE  DESA  AUDIT 
INSPECTORS  WILL  IN  FUTUltE  MONITOR  THEIR  WOR!C. 
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VflAT  HAS  NOT  CHANOSD,  ANi)  .VZLL  NOT  CHANO^,  IS  THAT  THE  OP.!^aATIONAL 
SIDE  OP  THE  SERVICES  WILL  8SMAIN  SOLIiLY  UiraEH  THE  CONTHOL  OF  THE  INDIVIDUAL 
SERVICES  AND  WILL,  IN  NO  Y/AY  BE  INFLUENCED  BY  THE  HSC  OR  THE  HSE.  FUimiER- 
MORE,  DURING  PERIODS  OP  T21M3ION,  PROVISION  HAS  BiLEH  MADE  FOR  THE  SERVICES 
TO  HAVE  COmiSTa  PilESDOH  OP  ACTION » 

BEFORE  CONCLUDING,  YOU  MAY  mL  ASK  -If AT  IS  THE  PaWRE  OP  Tlla  ESTO. 
mL,  I  PORECAS'r  THAT  ONCE  DE3A  HAS  RESPONSIBILITIES  FOR  BOTH  iHJCLEAR  AIU) 
CONVENTIONAL  .YlfiAPOilS,  THE  ESTC  EIGHT  WELL  BE  SUBSU.'IED  INTO  BEING  PART  OP 
THE  DESA  PRA:.rE’WORK.  FOR,  WTi’U  THE  HSE  BEING  ItESPONSIBLE  FOR  ALL  UK 
'iXPLOSIVES'  LEGISLATION,  PLUS  ITS  AUDITING  FUNCTION,  IT  IS  ONLY  LOGICAL 
'THAT  GIVEN  TME,  THE  DEMAND  WILL  CO;.IE  FOR  THE  STAi,IDARDlSATION  OP  THE  i,iOD 
EXPLOSIVES  REGULATIONS  '.VHICH  CURRENTLY  ARE  IN  k  VERSIONS  (ALL  DIPFE.tEWT) 

TOR  THE  RN,  ARMY,  RAP  AND  PE.  ONCE  THIS  STANDARDISATION  IS  ACHIEVED 
THE  NEXT  STEP  WILL  B3  THE  LEGISLATION  OP  ESTC  PRESCRIPTIONS  -  '.miCH  ARE 
CURREIWLY  ADVISORY  ONLY.  THE  WAY  TO  DO  THIS  WILL  BE  UNDER  THE  IIANTLE 
OP  DBSA.  HOWEVER,  THIS  IS  LOOKING  A  LONG  WAY  AHEAD. 

IN  CONCLUSION,  MAY  I  SAY  THAT  IT  IS  EARLY  DAYS  YET, FOR  DBSA  WAS  ONLY 
FORMED  IN  JANUARY  OP  THIS  YEAR,  BUT  I  REMAIN  OOHPIDBNT  THAT  SAFETY  IN  THE 
UK  MILITARY  EXPLOSIVES  AREA  CAN  ONLY  BE  ENHANCED  BY  THESE  NEW  MEASURES, 
WHILE,  AT  THE  SAf.!B  TIME,  THE  OPERATIONAL  J«)LE  OP  THE  SERVICES  TOGBTJIER 
WITH  DEFENCE  IMPERATIVES,  >YILL  IN  NO  WAY  BE  JEOPARDISED.  INDEED,  IT  IS 
MY  RESPONSIBILITY,  AS  THE  CHAIRMAN,  TO  ES^SURE  THAT  THIS  REMAINS  SO. 

THANK  YOU. 


"BRITISH  CROWN  OOPYRIQBT.  Not  to  be  reproduced  without  permiesion 
from  tho  Controller,  Her  Britannic  Majesty's  Stationery  Office." 
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INTRODUCTION  AND  SUMMARY 


The  U.S.  Army  Toxic  and  Hazardous  Materials  Agency  is  preparing  to 
demilitarize  the  U.S.  inventory  of  munitions  containing  the  incapacitating  agent  BZ.  As 
employed  in  the  munitionsi  BZ  is  blended  with  an  energetic  pyrotechnic  mixture.  The 
mixture  is  50%  BZ,  23%  KCi03,  9%  S,  and  18%  NaHCOs.  In  normal  functioning,  this 
mixture  is  Ignited  along  central  core  holes  in  the  mimitions  and  reacts  over  a  few  tens  of 
seconds  to  produce  an  aerosol  cloud  of  BZ.  However,  upper  limit  theoretical  calculations 
suggested  that  this  mixture  could  potentially  be  detonable,  but  it  was  not  known  if  actual 
detonation  could  occur.  To  facilitate  selection  from  among  five  candidate  demilitariza¬ 
tion  concepts(l)  it  was  desirable  that  the  detonability  of  the  munitions  be  established.  To 
this  end,  a  series  of  experimental  tests  as  described  in  this  paper  was  conducted.  These 
tests  gave  conclusive  e^dence  of  non-detonability. 

Ihe  potentially  most  detonable  item  in  the  BZ  inventory  was  selected  for 
detonability  tests.  This  is  the  bomblet  with  the  largest  continuous  diameter,  72  mm  of 
BZ-pyrotechnic  mix,  the  M138.  This  bomblet  also  has  the  thickest  steel  walls,  3  mm,  for 
radial  confinement.  The  M138  is  comprised  of  4  individual  M7  cannisters  loaded  inside  a 
steel  tube  casing.  An  individual  Ml 38  bomblet  is  one  of  57  packed  in  each  M43  cluster 
munition.  As  such,  adjacent  M138s  in  the  close-packed  array  could  provide  a  full-length 
additional  3-mm  steel  radial  confinement  along  6  line  contacts  with  the  M138.  Therefore, 
the  M138,  fitted  inside  an  additional  close-fitting  steel  tube  with  2.3  mm  wall  thickness 
(nearest  to  3  mm  thickness  available),  was  selected  as  the  configuration  for  detonability 
tests.  Proof  of  non-detonability  of  this  item  would  constitute  proof  of  non-detonability  of 
the  entire  BZ-containing  munition  inventory. 

The  test  configuration  included  a  full  munition  diameter  donor  explosive 
charge  of  composition  C-4  in  firm  contact  with  one  end  of  the  munition.  The  primary 
indication  of  detonability  was  from  dynamic  instrumentation,  epoxy  potted  into  the  entire 
length  of  the  core  hole,  which  showed  the  steady  decay  of  the  input  shock  velocity  to 
sonic  values  as  the  shock  progressed  down  the  munition.  Examination  of  the  munition 
remains  provided  a  secondary  indication. 

The  teats  were  conducted  in  a  sealed  blast  containment  chamber  inside  an 
igloo  at  Pine  Bluff  Arsenal.  A  pilot  plant  incinerator,  previously  qualified  for  destruction 
of  BZ,  was  used  to  dispose  of  the  BZ  released  during  the  tests. 

Of  17  tests  attempted,  14  tests  provided  detonability  data.  In  two  tests 
the  munitions  self-ignited  during  heating  to  the  original  target  preheat  temperature  of 
105  C.  This  self-ignition  resulted  in  lowering  the  preheat  temperature  to  80  C  on 
remaining  tests.  Data  from  the  third  test  were  lost  due  to  an  equipment  malfunction.  To 
provide  the  broadest  possible  sampling  base,  the  tested  munitions  were  drawn  from  all  of 
the  eight  manufacturing  lots  from  which  M138s  had  been  downloaded  from  the  original 
M43  cluster  configuration.  These  lots  were  judged  to  be  reasonably  representative  of  the 
total  inventory  on  the  basis  of  available  lot  characterization  data.  Seven  tests  were 
conducted  at  ambient  temperature  and  seven  were  conducted  after  preheatii^  the 
munitions  to  80  C.  Four  of  the  ambient  temperature  tests  were  conducted  on  munitions 
"inerted*  by  immersion  in  a  water-plus  0.01%  Avirol-113  wetting  agent.  The  BZ- 
pyrotechnic  mixture  was  ignited  by  the  shock  wave  in  most  tests,  although  one  or  more  of 
the  0.1-m  M7  canisters  remained  intact  in  half  of  the  tests. 
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There  was  no  significant  difference  in  the  observed  shock  decay  between 
inerted*  ambient  live,  and  preheated  live  munitions.  The  average  shock  wave  travel, 
above  the  apparent  sonic  velocity  of  2.0  mm/microsec,  was  115.1%  8.5  mm  thro'igh  the 
munitions  for  all  tests.  A  shock  travel  of  130  mm  above  2.0  mm/microsec  was  observed  in 
a  similiar  detonability  test  on  a  mockup  which  contained  no  reactive  ingredients.  These 
results,  together  with  the  recovery  of  Intact  portions  of  the  munitions  in  many  tests,  are 
conclusive  evidence  for  non>detonability  of  the  munitions. 

The  body  of  this  paper  is  organised  into  four  major  sections  following  this 
introduction  and  summary.  Section  2  describes  the  technical  approach,  the  background 
for  selection  of  the  detonability  test  configuration,  the  basis  for  selection  of  test 
conditions,  and  the  basis  for  Interpretation  of  the  results  obtained.  Section  3  describes 
the  specialised  experimental  apparatus  used  for  these  tests.  Section  4  presents  the 
experimental  procedures  used  and  the  results  obtained.  Section  5  lists  conclusions  from 
this  work. 


2.  TECHNICAL  APPROACH 


2.1  Background 

The  process  of  detonation  can  be  described  as  a  supersonic  compressive 
shock  wave  driven  through  a  reactive  material  by  the  energy  released  in  the  Chapman- 
Jouguet  (C-J)  reaction  zone  immediately  behind  the  shock  wave.  The  adiabatic  heating 
associated  with  the  shock  compression  of  the  material  triggers  the  chemical  reaction(s) 
responsible  for  the  energy  release.  Immediately  behind  the  shock  wave,  the  particle  or 
mass  velocity  is  in  the  same  direction  as  the  shock  wave  velocity.  The  mass  velocity, 
pressure,  and  internal  energy  decay  behind  the  shock  wave  front.  The  energy  released 
behind  the  shock  wave  front  can  contribute  to  driving  the  shock  front  only  in  the  zone  in 
which  the  energy  transfer  speed  (the  sum  of  the  local  sonic  velocity  plus  the  mass 
velocity)  is  equ€d  to  or  greater  than  the  shock  velocity.  As  the  mass  velocity,  pressure, 
and  temperature  decay  behind  the  shock  front,  a  limiting  boundary  is  reached  where  the 
energy  transfer  speed  drops  below  the  shock  velocity.  The  shock  wave  and  this  boundary 
define  the  C-J  reaction  zone.  Chemical  reaction  may  continue  behind  this  boundary  and 
can  contribute  to  the  total  energy  released  during  explosion  but  cannot  influence  the 
detonation  (or  shock  wave)  velocity.  In  a  uniform  charge  of  constant  cross  sectional  area 
and  confinement  along  its  length,  a  steady  detonation  velocity  is  normally  achieved  in 
which  the  energy  released  in  the  reaction  zone  is  equal  to  the  energy  required  to  drive  the 
shock  wave  (the  energy  required  to  shock  compress  the  unreacted  material). 

However,  at  the  lateral  surfaces  of  the  charge,  a  portion  of  energy 
released  in  the  reaction  zone  is  also  expended  in  the  production  of  lateral  mass  velocity 
components  and  resultant  lateral  expansion  of  the  charge.  This  energy  is  lost  for  the 
purpose  of  driving  the  detonation  front,  but  must  be  included  in  the  energy  balance  which 
determines  the  detonation  velocity.  Because  the  ratio  of  lateral  surface  area  to  reaction 
zone  volume  increases  as  the  charge  diameter  decreases,  the  fraction  of  energy  lost 
laterally  increases  with  decreasing  charge  diameter.  This  effect  can  lead  to  a  decreasing 
detonation  velocity  with  charge  diamete^  because  the  energy  required  to  drive  the  shock 
front  decreases  with  shock  velocity.  With  decreasing  shock  velocity,  the  shock  pressure 
and  induced  temperature  rise  also  decrease.  These  decreases  lead,  in  turn,  to  a  generally 
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exponential  rate  of  decrease  in  chemical  reaction  rate.  The  detonation  velocity  doea  not 
decreaae  below  a  certain  level  which  depends  on  the  detailed  characterics  of  the  reactive 
material.  Inatead«  a  minimum  diameter  (the  critical  diameter)  is  reached  below  which  a 
sustained  detonation  is  not  possible. 

Because  the  critical  diameter  arises  due  to  lateral  energy  losses  from  the 
reaction  sone,  the  critical  diameter  of  a  given  reactive  material  also  depends  on  the 
lateral  confinement  of  the  charge.  Thus  the  critical  diameter  for  a  charge  inside  a 
confinement  tube  is  less*  perhaps  much  less,  than  for  an  unconfined  charge. 

hi  sufficiently  large  charge  diameters,  many  energetic  materials  such  as 
gun  and  rocket  propellants  can  be  detonated.  These  materi^s  are  not  commonly  referred 
to  as  detonable  materials  because  their  critical  diameters  for  a  sustained  detonation  are 
simply  larger  than  are  normally  prepared  and/or  no  sufficiently  large  initiating  shocks  (in 
magnitude  and  cross-sectional  area)  are  available  to  start  the  detonation  process. 


2.2  Selection  of  Test  Configuration 

The  determination  of  the  detonability  of  the  material  of  interest  here,  i.e. 
BZ-pyromix,  from  a  practical  viewpoint  need  not  be  an  absolute  determination,  but  rather 
a  determination  of  detonability  under  the  combined  conditions  of  mMimum  existing 
charge  diameter  and  lateral  confinement.  Within  the  BZ  munition  inventory,  these 
conditions  are  fulfilled  by  the  M138  bomblet  packed  into  the  M43  cluster  munition,  see 
Figures  1  and  2. 

The  array  of  19  M138  bomblets  through  a  cross-section  of  an  M43  cluster 
might  be  considered  to  form  an  equivalent  diameter  larger  than  a  single  M138  from  the 
standpoint  of  critical  diameter  for  detonation.  However,  a  deflagration-to-detonation 
transition  (ODT)  must  occur  over  a  diameter  at  least  equal  to  the  critical  diameter  to 
develop  a  self-sustaining  detonation.  Thus,  if  the  critical  diameter  is  greater  than  the 
diameter  of  a  single  M138,  but  smaller  than  an  M43,  a  DDT  must  occur  simultaneously  in 
three  or  more  contiguous  M138s.  A  DDT  in  a  single  M138,  being  below  the  critical 
diameter,  could  not  occur  and  an  induced  detonation  wave  in  a  single  M138  would  be 
quenched.  The  likelihood  of  a  DDT  occurring  simultaneously  across  the  junctures  of  the 
M138s  so  that  the  resultant  detonation  wave  was  contiguous  across  the  junctures  of  the 
M138s  appears  negligibly  small  under  any  conceivable  real  circumstances  during  demili¬ 
tarisation.  Hence,  we  ^lieve  that  proof  of  the  critical  diameter  for  detonation  of  BZ- 
pyromix  being  greater  than  that  of  a  single  M138,  as  confined  inside  an  M43,  is  sufficient 
to  support  an  assessment  of  non-detonability  for  all  of  the  BZ  munitions. 

An  M138  inside  an  M43  is  confined  around  its  perimeter  by  line  contacts 
with  six  adjacent  Ml38s  along  its  length.  The  combined  wall  thickness  of  the  M138  case 
and  contained  M7  canister  cases  ajqwoximates  3  tarn  of  steel.  Hence,  a  test  of  an  M138 
contained  inside  a  steel  tube  with  a  3-mm  wall  thickness  would  provide  an  over-test  of  the 
confinement  provided  by  the  adjacent  M138's  in  an  M43  cluster.  Thus  the  munition 
selected  for  detonability  tests  was  a  single  M138  housed  inside  a  close-fitting  steel  tube 
with  a  Z.3-mm  wall  thickness,  (the  nearest  standard  sixe  to  3  mm). 

From  the  standpoint  of  theoretical  predictions  of  detonability,  the  max¬ 
imum  possible  energy  release  from  the  reaction  of  the  BZ-pyromix  can  be  equated  to  the 
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FIGURE  2.  M138  BZ  BOMB  ASSEMBLY 


energy  required  to  drive  a  thock  wave  through  the  unreacted  material.  By  ignoring  lateral 
energy  loaeest  the  problem  ia  •Implitied  and  becomes  equivalent  to  mocking  up  very  large 
or  well  confined  charges.  A  calculational  scheme  based  on  the  above  premises  has  been 
built  into  a  computer  program  called  TIGER. 

It  should  be  noted  that  this  calculation  cannot  predict  whether  detonation 
will  or  can  occur  because  it  cannot  be  predicted  at  present  whether  the  hypothesized 
reactions  can  occur  rapidly  enou|^  to  take  place  within  the  C-J  reaction  zone.  Thus,  this 
calculation  is  a  prediction  of  the  theoretical  upper  limit  for  the  detonation  velocity  and 
pressure  within  the  uncertainty  of  knowledge  of  the  required  inputs  to  the  code 
calculation.  The  TIGBR  code  was  run  for  the  BZ-pyromix  composition  by  Robert  Gentner 
of  ARRADC0M(2),  Dover  Site.  The  theoretically  predicted  detonation  velocity  was  3.3 
mm/microsec  at  a  pressmre  of  about  2.5  GPa  (25  kbar). 

Thus  for  detonability  testing,  a  donor  charge  which  provides  a  shock 
velocity  (and  pressure)  input  to  a  confined  M138  over  its  entire  cross  sectional  area  in 
excess  of  the  predicted  upper  limit  sustained  detonation  velocity  (and  pressure)  is  all  that 
is  required.  Bt  the  absence  of  a  detonation,  the  input  shock  would  be  expected  to  decay 
along  the  length  of  the  M 138.  The  shock  pressure  would  decay  from  the  initial  high  input 
pressure  from  the  donor  charge  to  very  low  levels.  Accompan^ng  the  pressure  decay,  the 
shock  velocity  would  decay  from  high  initial  values  of  5  mm/microsec  down  to  the  sonic 
velocity  in  Bi^pyromix.  There  does  not  appear  to  be  any  sonic  velocity  data  available  for 
BZ-pyromix.  However,  based  on  comparisons  with  other  materials  it  seems  unlikely  that 
the  sonic  velocity  will  exceed  2.3  mm/microsec,  and  may  be  appreciably  lower. 


2.3  Basis  for  Interpretation  of  Results 

Historically,  and  commonly,  the  occurrence  of  a  detonation  is  signalled  by 
the  perforation  of  a  steel  witness  plate  in  close  proximity  to  the  charge(3).  However,  in 
the  case  of  BZ-pyromix,  the  predicted  upper  limit  detonation  parameters  are  sufficiently 
low  that  such  perforation  might  not  occur  even  in  the  presence  of  a  detonation.  Instead,  a 
dual  basis  for  the  test  interpretation  was  developed.  One  relies  on  instrumentation  in  the 
core  hole  to  measure  the  shock  front  position  with  time  (and  hence  shock  velocity  by 
differentiation)  along  the  length  of  the  M138.  The  other  relies  on  visual  observation  of 
the  remaining  metal  parts  after  the  test.  In  the  event  of  failure  of  the  real  time 
instrumentation  or  as  confirmation,  a  post-test  examination  which  shows  major  parts  of 
the  M138  remaining  intact,  or  broken  into  fairly  large  pieces,  constitutes  evidence  for 
non-detonation.  A  measured  sustained  shock  velocity  in  the  M138  near  3  mm/microsec 
coupled  with  fragmentation  of  the  metal  parts  would  constitute  evidence  for  detonation. 
On  the  other  hand,  a  decaying  shock  velocity  to  2.3  mm/microsec  which  remaiim  below 
this  value  together  with  some  metal  parts  remaining  intact,  or  only  fractured  in  relatively 
large  pieces,  would  constitute  a  non-detonation.  In  this  context,  "relatively  large"  pieces 
means  fragments  approximate  to  the  length  of  sm  M7  canister  and  wide  enough  to  span 
about  one-half  the  M138  circumference. 


-  ». 


2.4  Test  Conditions  and  Lot  Selection 

Processes  being  evaluated  for  application  to  the  demilitarization  of  the  BZ 
ffluniticm  invmitory  involve  handling  of  the  munitions  in  both  inventory  condition  and  after 
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lawrttiig  by  tubmersion  In  an  Inerting  liquid.  Deetruction  ie  ejqwcted  to  occur  by  burning 
off  the  BZ-pyromis  in  a  heating  chamber  or  rotary  kiln,  with  aubaequent  inciueratioo  of 
the  evolved  BZ  vapor  or  aerosol.  Thus  it  is  desirable  to  obtain  data  on  the  detonability  ot 
munitions  at  ambient  temperatures  in  (1)  the  inventory  condltiony  (2)  after  short  (S- 
minute)  inerting  liquid  submersion  and  (3)  after  normal  (2-hour)  inertl^  liquid  submersion 
for  a  plant  design  to  withstand  detonation  effects,  if  shown  to  be  necessary.  Since 
heating  of  munitions  is  also  contemplated,  it  is  desirable  to  obtain  detonability  data  on 
preheated  munitions  as  an  aid  in  assessing  the  requirements  for  the  heating-functioning 
furnace  or  kiln. 


Bomblets  which  had  been  downloaded  from  M43s  were  available  for  testing 
from  several  different  lots  of  production.  Production  testing  showed  the  burning  (normid 
functioning)  rates  to  vary  appreciably  from  lot  to  lot.  Although  there  is  no  known 
correlation  between  detonability  and  burning  rate  in  the  normal  functioning  mode,  the 
burning  rate  data  seemed  likely  to  be  the  most  significant  data  available.  Thus  M138 
munitions  were  selected  for  test  from  all  available  lots,  but  with  replications  of  the 
fastest  burning  and  near  the  slowest  burning  time  munitions  available.  The  numerical 
values  of  this  parameter  are  reported  in  Section  4.1  on  test  conditions  and  lot  selection. 


3.  EXPERIMENTAL  APPARATUS 


To  conduct  the  planned  series  of  detonability  tests,  two  major  items  of 
equipment  were  required: 

e  An  explosive  and  gas  containment  vessel  capable  of  containing  the 
detonation  of  at  least  1.5  kg  TNT-equi valent  hi^  explosive  and 
retaining  the  gases  and  aerosol  without  significant  leakage 

e  A  vapor  incinerator,  afterburner,  and  water  quench  system  capable  of 
reducing  the  BZ  content  and  temperature  of  gases  resulting  from  the 
detonability  tests  to  a  level  allowable  for  discharge  into  the  igloo 
environment. 

The  vapor  incinerator,  afterburner,  and  water  quench  system  was  con¬ 
structed  to  obtain  preliminary  plant  design  information  as  well  as  to  destroy  the  BZ 
vapor/aerosol  generated  during  these  tests.  The  incinerator  system  was  extensively 
tested  and  qualified  for  the  destruction  of  BZ  prior  to  the  conduct  of  these  tests.  It  has 
been  described  in  detail  elsewhere.^ 


3.1  Blast  Containment  Sphere 

The  blast  containment,  vessel  was  modified  from  a  previously  ccmstructed, 
1.07-m-  diameter  spherical  chamber  with  an  average  wall  thickness  of  22.9  mm.(^)  For 
this  application,  the  original  port  reinforcing  rli^;  and  6oot  were  replaced  by  an  O-rhm- 
sealed  door  externally  mounted  and  secured  ^  a  ^uble  row  of  bolts.  This  port  design  was 
patterned  after  similar  closures  which  had  been  qualified  for  blast  containment  at  Los 
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Alamos  National  Laboratory.  Additional  penetrations  were  a  higb-pressurei  28-pin 
electrical  leadrthrough  manufactured  by  D.  G.  O'Brien,  incorporated  for  heater  and 
instrumentation  connections,  and  two  Swagelok®  high  voltage  lead-throughs  for  the 
exploding  bridgewire  detonators.  Piping  connections  for  the  pressure  transducer  and  for 
gas  parglng  were  made  through  the  door.  After  modification,  the  sphere  was  requalified 
by  the  test  firing  of  a  1.82  Kg  spherical  composition  C-4  test  charge,  aa  well  as  static  gas 
pressure  tests  at  2.27  MPa.  These  tests  have  been  previously  described  in  detail,  (o) 


3.2  Fragment  Restraint  Assembly 

Figure  3  shows  a  schematic  of  a  hot  detonability  test  assembly  arranged 
inside  the  containment  sphere.  To  provide  protection  for  the  sphere  interior  from 
fragment  damage,  a  0.46-m-length  of  0.41-m  O.D.  pipe  with  near  25.4-mm  wall  thickness 
was  hung,  as  shown,  on  the  sphere  horizontal  centerline.  This  pipe  was  specially 
construct^  of  high  toughness  steel  alloy.  It  was  fitted  with  a  replaceable,  mild  steel 
liner  rolled  from  9.6l-mm-thickness  plate.  The  pipe  provided  the  structiu’al  strength  to 
absorb  the  fragment  momentum  while  the  liner  absorbed  the  fragment  craters.  About 
midway  through  the  test  series,  the  liner  was  replaced  as  planned,  to  prevent  penetration 
of  the  accumulated  fragment  craters  through  the  liner. 


3.3  Detonability  Assemblies 

Inside  the  fragment  restraint  pipe,  the  detonability  assembly  was  supported 
on  the  sphere  centerline  by  a  thin  steel  cradle.  The  assembly  shown  schematically  in 
Figure  3  is  for  a  preheated  detonability  test.  At  the  heart  of  the  assembly  is  a  specially 
instrumented  M138  bomblet  which  is  described  in  the  following  section  (Section  3.4).  The 
bomblet  is  secured  inside  a  13-gage  steel  tube  over  its  full  length  to  provide  the  desired 
additional  confinement.  This  tube  in  turn  was  fitted  with  two  separate  fiberglass- 
insulated  electrical  heating  tapes,  a  main  heater  and  an  end  compensating  heater.  Each 
heater  was  controlled  with  the  aid  of  a  thermocouple,  hard-soldered  to  the  confinement 
tube.  The  two  control  thermocouples  were  connected  to  strip  chart  recorder-controllers. 
The  heaters  were  powered  through  variable  autotransformers  which  were  adjusted  during 
heating  to  maintain  the  center  and  end  thermocouple  at  near  the  same  temperature  and  to 
maintain  good  temperature  control  once  the  heating  jacket  reached  the  desired 
temperature. 


The  1.3-lb  composition  C-4  donor  charge  was  designed  to  provide  a  charge 
length  at  full  diameter  equal  to  the  charge  diameter  plus  a  conical  lead-in  to  insure  near- 
planar,  axial  symmetry  of  the  detonation  shock  entering  the  munition.  For  the  pre-heated 
tests,  it  was  supported  inside  a  fiberglass-reinforced  silicone  plastic  tube,  separated  from 
the  M138  by  a  51-mm  air  space  during  heating  to  minimize  preheating  of  the  C-4.  After 
the  desired  preheat,  a  specially-designed  electric  gearmotor  actuator  moved  the  charge 
into  firm  contact  with  the  M138  just  before  detonation.  The  C-4  charge  was  contained 
inside  a  0.20-  to  0.46-mm  thick  vacu-formed  PVC  container.  This  container  was 
supported  by  a  strong,  wooden  mold  during  packing  of  the  C-4  plastic  explosive  to  allow 
the  production  of  a  fully  densified  charge  of  the  correct  dimensions.  After  packing,  the 
thin  plastic  container  provided  sufficient  support  to  allow  easy  handling  of  the  explosive 
charge. 
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The  C-4  charge  was  detonated  by  an  RP-83  exploding  bridgewire  detonatdr. 
This  detonator  was  selected  to  provide  safety  from  stray  electrical  currents  during 
loading  operations.  The  exploding  bridgewires  were  fired  by  a  Model  FS-10  firing  unit 
manufactured  by  Reynolds  Products,  Inc. 

The  confinement  tube  for  the  unheated  M138  munitions  was  identical  to 
that  for  the  heated  munitions.  For  these  tests,  the  composition  C-4  charges  were  secured 
in  firm  contact  with  the  munitions  by  the  force  of  several  strong  rubber  bands  between 
the  M138  and  a  specially  shaped,  wooden  block  across  the  base  of  the  C-4  charge. 


3.4  Instrumented  M138  Assembly 


The  M138  itself  was  fitted  with  a  special  detonation  probe  assembly 
inserted  into  the  core  hole  of  the  munition.  Figure  4  shows  the  detonation  probe 
assembly.  As  shown,  the  assembly  was  comprised  of  two  28  ga  type  K  (Chromel-Alumel) 
thermocouples  and  two  detonation  probes  potted  inside  a  low-density  polyethylene  tube. 
The  header  assembly  served  to  protect  the  otherwise  extremely  fragile  connection 
between  the  detonation  probes  and  the  coaxial  cables  used*  to  connect  the  probes  to  the 
exterior  instrumentation. 


SECTION  A'A 


FIGURE  4.  DETONATION  PROBE  ASSEMBLY 
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Two  detonation  probea  were  used  in  each  assembly  to  provide  redundant 
information  on  the  position  of  the  shock  front  (Figure  4).  Each  probe  was  comprised  of  a 
0.51-mm'<*diameter  aluminum  tube  (0.038-mm  wall  thickness)  containing  an  0.025-mm- 
diameter  Moleculloy<B  resistance  wire  (0.33  ohms/mm  resistance).  The  resistance  wire 
was  insulated  by  sldp- wound  nylon.  The  resistance  wire  was  soldered  to  the  aluminum 
tube  at  one  end  end  connected  to  the  center  wire  of  the  coaxial  signal  cable  at  the  other. 
The  aluminum  tube  was  connected  to  the  coaxial  cable  shield. 

In  operation,  a  high  pressure  shock  wave  travelling  up  the  M138  and  probe 
from  the  originally  shorted  end  progressively  shorted  out  more  of  the  resistance  wire  by 
crushing  the  aluminum  tubing  against  the  wire.  Of  course,  if  the  pressure  in  the  shock 
wave  dropped  below  that  required  to  crush  the  tube,  the  probe  would  cease  to  provide 
position  data;  at  pressure  levels  near  the  threshold,  the  ciushlng  of  the  tube  could  be 
expected  to  be  somewhat  erratic.  The  circuitry  associated  with  each  probe  consisted  of  a 
battery-powered,  constant  current  source  and  a  high-impedance  measurement  of  the 
variation  in  voltage  across  the  prebe  with  time.  With  appropriate  calibrations,  the 
measured  voltage  could  be  related  to  the  position  of  the  shock  front  (as  described  in  detail 
in  Appendix  A).  The  constant  current  supply  was  adjusted  to  provide  ~74  mA  through  the 
probe  resistance  of  ~121  ohms,  giving  an  initial  voltage  of  ~9V.  This  represents  a  power 
dissipation  of  ~2/3  Watt  so  that  neglible  heating  was  produced  by  the  probe  exitation 
current. 

The  detonation  probe  assemblies  for  the  ambient  temperature  tests  were 
identical  to  those  shown  in  Figure  4  except  the  thermocouples  were  not  installed. 

To  insure  that  no  interference  would  be  encountered  during  assembly  of  the 
6.4-mm  probes  into  the  M138  munition,  each  core  hole  was  optically  gaged  with  the  aid  of 
a  small  (2  mW)  He-Ne  laser  fitted  with  a  beam  expander  which  provided  a  12-mm 
diameter  parallel  light  beam.  If  the  light  beam  was  unobstructed  over  at  least  a  6.4-mm 
diameter  after  passing  through  the  core  hole  of  the  munition,  the  probe  could  be  safely 
inserted.  This  optical  gaging  technique  showed  that  all  munitions  were  safe  to  insert  the 
6.34-mm  probe. 

One  detonation  probe  assembly  was  potted  inside  the  core-hole  of  each 
M138  bomblet  tested.  The  core  hole  surroun^ng  the  detonation  probe  was  filled  with  a 
low  viscosity  epoxy  resin  (Hysol®  resin  R8-’2038  with  HD-3404  harc^er).  The  active  end  of 
the  actual  detonation  probes  were  approximately  1/4-inch,  or  6.3  mm,  from  the  end  of  the 
bottom  M7  canister.  The  fuze  cavity  at  the  lead  end  of  the  M138  was  filled  with  another 
epoxy  potting  compound  (Hysol®  C8-4143  resin  with  HD-3404  hardener).  This  resin 
contains  50%  silica  filler  to  reduce  shrinkage  during  curing.  Both  epoxy  resins  were  pre¬ 
checked  for  temperature  rise  during  curing  in  the  configurations  used  and  found  to  be 
satisfactory.  The  resultant  Instrumented  M138  was  mechanically  quite  strong  to  allow 
handling  and  installation  into  the  blast  containment  sphere  for  testing.  All  electrical 
leads  were  pre-connected  and  potted  into  a  large.  28-pin  plug  which  mated  with  the  lead- 
through  mounted  in  the  blast  container  wall.  I^us  it  was  possible  for  operating  personnel 
in  Level  B  protective  clothing  (gas  masks,  rubber  aprons,  boots  and  gloves)  to  assemble 
and  install  these  highly  instrumented  assemblies  into  the  blast  containment  sphere  without 
recourse  to  soldering  operations. 

It  should  be  noted  that  both  ends  of  the  coaxial  cables  used  for  the 
detonation  probe  leads  were  entirely  sealed  by  immersion  in  epoxy  potting.  In  addition. 
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the  plug  O-ring  sealed  into  the  containment  lead-through  socket.  Thus  the  entire  probe 
circuits  were  protected  from  the  short-circuiting  effects  of  the  high  pressure,  ionised  air- 
shock  wave  generated  by  detonation  of  the  C-4  charge,  assuring  against  premature  loss  of 
the  detonation  probe  signal  from  this  source. 

Another  result  of  installation  of  the  detonation  probe  assembly  was  to 
provide  additional  lateral  confinement  of  the  M138  by  preventing  the  free  e;q)ansion  of 
the  reaction  products  into  the  core  hole,  which  would  normally  occur  with  inventory 
munitions.  This  provided  an  additional  degree  of  overtest  which  was  necessitated  by  the 
requirement  to  provide  a  continuous  shock  path  through  solid  material  from  the  BZ- 
pyromix  fill  to  the  detonation  probes. 


3.5  Electronic  Data  Acquisition  Apparatus 

A  block  diagram  of  the  apparatus  used  for  gathering  the  sphere  pressure 
and  detonation  probe  data  is  shown  in  Figure  S,  together  with  the  detonator  firing  circuit. 
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FIGURE  5.  DATA  ACQUISITION  SYSTEM  FOR  THE  DETONATION 
PROBES  AND  SPHERE  INTERNAL  PRESSURE 


In  operation,  the  shot  was  fired  by  a  push  button  on  the  FS-10  firing  unit.  This  unit, 
through  the  firing  module,  produced  pulse  needed  to  fire  the  exploding  bridgeware 
detonator,  Reynold's  RP-83.  At  the  same  time  the  firing  pulse  was  initiated,  a  30-V  pulse 
was  generated  which  served  as  a  trigger  signal  for  the  fast  data  acquisition  system. 

The  fast  data  acquisition  system  was  comprised  of  two  major  parts,  the 
detonation  probe  and  pressure-signal  processing  subsystems.  The  detonation  probe 
subsystem  consisted  of  two  adjustable  constant  current  power  supplies  and  a  Physical 
Data  Inc.  Model  5P.3-A2  two-channel  transient  waveform  recorder.  This  unit  provided 
4096  digital  samples  for  each  channel  at  0.1  microsec  per  sample.  After  temporary 
digital  storage  in  the  unit,  it  was  subsequently  transferred  at  a  reduced  rate,  in  analog 
form  to  the  Smartscope®  where  it  was  re-digitised  and  processed.  The  plots  shown  in  this 
paper  were  generated  directly  on  the  Smartscope  plotter. 

The  internal  pressure  in  the  sphere  was  monitored  by  a  Vlatran  Model  108 
pressure  transducer  and  recorded  on  the  Smartscope  where  it  was  sampled  over  a  10-sec 
period  with  1-msec  resolution.  The  appropriate  calibrations  were  input  to  the  Smartscope 
so  that  its  digital  plotter  produced  the  pressure  time  records  directly. 


4.  EXPERIMENTAL  PROCEDURES  AND  RESULTS 


The  detonability  tests  were  conducted  in  a  storage  igloo  at  Pine  Bluff 
Arsenal,  Pine  Bluff,  Arkansas.  This  igloo  was  equipped  with  a  personnel  change  house, 
filtered  ventilation  system,  and  the  necessary  gas  and  power  supplies.  It  also  housed  the 
pilot  scale  incinerator  used  to  dispose  of  resultant  BZ  aerosol.  After  initial  training,  all 
munition  preparations  and  test  operations  inside  the  igloo  were  conducted  by  technicians 
from  Pine  Bluff  Arsenal.  Explosive  charge  preparation,  and  all  handling  operations 
involving  explosive  and  detonators,  were  performed  by  members  of  the  SZnd  E.O.D. 
Detachment  at  Pine  Bluff  Arsenal. 


4.1  Test  Conditions  and  Lot  Selection 


As  described  in  the  techniced  approach,  munitions  were  selected  from  all 
available  downloaded  lots  to  provide  as  broad  a  sampling  base  as  possible.  In  addition, 
where  duplicate  tests  were  possible,  they  were  grouped  at  the  extremes  of  low  and  high 
burning  times.  Table  i  shows  the  test  sequence.  As  shown,  the  tests  were  in  four  groups. 
The  first  two  tests  were  conducted  on  "inerted"  M138  munitions.  Inerting  was  done  by 
immersion  for  Z  hours  in  a  vertical  position  in  water  with  0.01%  Avirol-113  (a  wetting 
agent),  after  removal  of  the  sealing  tapes  from  the  ends  of  the  core  holes.  After  inerting, 
the  munitions  were  allowed  to  drain  overnight  in  a  vertical  position,  before  potting  the 
instrumentation  into  the  core  hole. 

The  short  inerting  on  the  second  two  mtmitions  was  done  the  same  as  for 
the  inerted  munitions  except  the  immersion  time  was  5  minutes. 

The  third  group  of  three  munitions  were  tested  in  the  inventory  condition. 
All  three  of  these  groups  were  tested  at  ambient  temperature  (~Z7  C). 
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Table  1.  Test  Variables  for  Ml 38  Detonablllty  Tests 


The  fourth  grovqp  of  ten  munitions  were  tested  in  a  preheated  condition.  As 
shown  in  Table  1,  it  was  intended  to  preheat  the  munitions  to  a  temperature  of  105  C. 
This  temperature  was  chosen  to  provide  a  5  C  margin  of  safety  over  tests  with  an  inert 
simulant  which  caused  extrusion  of  the  fill(7).  The  preheating  protocol  was  to  heat  the 
outer  shell  to  the  desired  test  temperature  then  maintain  this  shell  temperature  until  the 
core  temperature  reached  the  approximate  shell  temperature.  During  heating  of  test  D8» 
the  BZ-pyromlx  ignited  after  the  heater  shell  had  been  at  106-107  C  for  58  minutes  and 
the  core  thermocouples  were  Indicating  75-77  C.  No  previous  ignition  of  starter  mix  or 
BZ-pyromlx  at  this  low  temperature  had  been  observed.  Hence  a  second  attempt  to 
preheat  to  105  C  was  made  in  test  D9.  Again,  ignition  occurred  before  the  test 
temperature  was  reached.  This  time  Ignition  occurred  74  minutes  after  the  outer  shell 
reached  105-106  C  and  at  an  indicated  core  temperature  of  88  C.  Ignition  of  the  pyromix 
caused  the  Composition  C-4  to  bum  as  well,  so  that  no  safety  problem  occurred.  No 
detonability  data  were  obtained  from  these  two  tests  and  it  was  decided  to  reduce  the 
test  temperature  to  80  C. 

When  the  outer  shell  temperature  was  restricted  to  80  C,  the  heating  time 
was  too  long  to  allow  the  core  to  reach  80  C.  Thus  test  DIO  was  fired  at  a  core 
temperature  of  74  C,  2.4  hours  after  the  shell  reached  80  C.  In  subsequent  tests,  the  shell 
temperature  was  raised  to  90-93  C  to  provide  an  increased  thermal  gradient  to  drive  the 
core  temperature  up  to  80  C.  Slightly  before  the  test,  the  shell  temperature  was  allowed 
to  cool  to  near  80  C,  so  that  near  isothermal  conditions  were  established. 

In  test  Dll,  the  actuator  motor  to  move  the  Composition  C-4  donor  charge 
into  contact  with  the  M138  was  found  to  be  jammed  in  an  attempt  to  operate  the  motor 
after  preheating.  Due  to  possible  safety  problems  in  handling  a  pre'^ously  preheated 
device,  the  donor  charge  was  fired,  aborting  test  Dll. 

All  remaining  tests  provided  detonability  data  for  the  M138  configuration 
tested.  However,  much  of  the  data  obtained  was  quite  noisy,  which  required  the  use  of 
special  techniques  to  extract  meaningful  data  from  the  records.  These  data  reduction 
techniques  were  carried  out  on  the  data  as  stored  within  the  Smartscope  so  that  the  data 
plots  presented  herein  were  entirely  machine-produced. 


4.2  Typical  Results  Obtained 

The  results  obtained  from  detonation  test  D7  are  fairly  representative  of 
the  data  obtained  from  each  test.  In  some  cases  data  from  only  one  probe  were  obtained 
and  the  data  ranged  from  somewhat  less  to  somewhat  more  noisy.  In  this  section  all  of 
the  intermediate  steps  in  the  data  reduction  of  test  D7  are  shown  in  graphical  form. 

The  graphs  presented  are: 

•  Original  data  as  recorded  and  transferred  to  the  Smartscope  | 

•  Conversion  of  the  probe  voltage  data  to  shock  position  data  after  | 

application  of  the  basic  data  reduction  constants  | 

I 

•  Velocity  determined  after  application  of  the  data  smoothing  i 

operations  to  reduce  the  noise  content  f 
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•  Coropariiion  of  the  smoothed  posltioa~tlme  date  from  the  two  probes 

e  Stepwise  sl(q;»e  (finite~difference  differential  shock  relocity)  of  the 
position-time  data 

e  Crose^ots  of  the  shock  velocity  versus  shock  position  data. 

Figure  6  shows  the  original  voltage  versus  time  data  recorded  from  the  two 
probes  of  test  D7.  The  Initial  large  amplitude  ringing  noise  shown  on  this  record  appeared 
only  after  a  replacement  Physical  Data  recorder  was  put  in  service.  It  was  not  possible  to 
find  and  eliminate  this  noise  source  during  the  time  frame  of  these  experiments. 


HGURE  6.  EXAMPLE  ORIGINAL  DETONATION  PROBE  VOLTAGE— IIME 
DATA  AFTER  A  MINOR  SMOOTHING  OPERATION.  (TEST  D7) 
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FlguN  7  show*  tlM  ptob*  voltjme  curvM  aftar  convaMloii  to  poaltioi»*tine 
data*  This  stop  it  datcribad  ia  dati^  ia  An>aBdix  A.  Briaflyt  tha  coattaBt  cunaat  aalua  it 
obtalaad  from  aa  aiutUiary  naaauramaat  of  tba  aoltaga  through  a  known  raaiatanca.  With 
tha  cunant  known,  ehangaa  in  aoltaga  can  ba  ralatad  to  changat  In  proba  raaiataaca. 


FIGURE  7*  EXAMPLE  ORIGINAL  VOLTAGE  DATA  CONVERTED  TO 
POSITION  DATA  BY  APPUCATION  OF  CALIBRATION 
CONSTANTS  AND  RESIST ANCE/U NTT  LENGTH  OF  THE 
PROBE  RESISTANCE  WIRE.  (TEST  07) 


Likawiaa,  with  the  ra^tance  change  known,  and  the  probe  reaiatance  per  unit  length 
known,  the  ahock  poMtlon  can  ba  darlaad  aa  ahoam.  Tha  deviation  between  the  two  curvaa 
at  l<mg  (200  mm)  ahock  travel  diatancea  ariaaa  becauaa  the  low  praaaure  which  exiata  in 
thia  region  ia  unable  to  produce  preciaion  cruahing  and  aborting  of  the  tetonation  probea, 
aa  it  d^a  in  ragiona  of  higher  praaaure  (analler  travel  diatancea). 


35 


An  •sainpl*  of  roductlon  of  aol«y  data  tmootlied  line  conatnictlon  is 
slioim  ia  Figuva  8.  Tha  basis  for  drawing  tbs  smooth  Una  is  ss  follows,  hi  tba  initial  time 
ragion  whora  tha  data  curva  is  dominated  by  a  ringing>type  noise,  the  smoothed  line  is 
made  up  of  a  nnmhar  of  short  stral|^t  line  segments  drawn  through  the  average  value  of 
the  initial  ringlag  signal  period  by  period.  Later,  the  data  was  smoothed  on  the  basis  of 
eagiaaariag  Judgment  as  to  the  probable  average  position  of  the  shock  pressure  front,  with 
the  guideline  that  the  actual  shock  front  progress  has  momentum  associated  with  it  and 
would  be  eiqpected  to  follow  a  smooth  line  of  progress.  Of  course,  the  munition  itself  is 
not  homogeneous  along  its  length,  but  is  made  up  of  four  M7  canisters  stacked  end  to  end. 
Bach  117  has  1.5-mm  steel  end  closures,  separated  by  a  1.0-mm  thick  plastic  spacer. 
These  discontinuities  occur  at  three  places  along  the  munition  length,  as  shown  in  Table  Z, 
which  also  gives  the  total  BZ-pyromis  length.  The  detonation  prolw  records  frequently 
stop  changing  with  time  before  the  full  length  of  the  munition  is  reached.  This  means 
that  the  shock  pressure  droiqmd  too  low  to  continue  crushing  the  detonation  probe 
tube. 


FIGURB  8.  EXAMPLE  SHOWING  SMOOTHED  LINE  THROUGH  THE 
ORIGINAL  PORTION-TIME  DATA.  (TEST  D7,  PROBE  1) 
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Table  2. 

Locations  of  Discontinuities  for  Shock 
Travel  Along  M13S  Length 

_ Location,  mm 

Discontinuity 

From  Shock  Entrance 

As  Plotted 

Inside  Rear  of 
ist  Canister 

93.3 

89.2 

Inside  Front  of 
2nd  Canister 

101.0 

94.7 

Inside  Rear  of 
2nd  Caidster 

193.1 

188.8 

Inside  Front  of 
3rd  Canister 

200.6 

194.3 

Inside  Rear  of 

3rd  Canister 

294.6 

288.3 

Inside  Front  of 
4th  Canister 

300.1 

293.8 

Inside  Rear  of 

4th  Canister 

396.2 

389.9 

Outside  Rear  of 

4th  Canister  (End  of 

BZ-Pyromix  Con¬ 
tainers) 

397.2 

390.9 

i 

I 


Not«t  The  wordi  "rear"  end  "front"  mean  the  encb  enooimtered  last  and  first 
respectively  by  the  shock  wave. 
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Figure  9  iihow*  a  conparlaon  of  the  two  emoothed  location  *  time  curves 
from  test  D7.  curves  track  very  well  together  until  near  the  200  mm  location.  This 
Is  after  the  shock  velocity  has  decayed  to  the  apparent  sonic  velocity  in  the  material 
indicating  that  the  pressures  are  no  longer  high. 


FIGURE  9.  EXAMPLE  COMPARISON  OF  THE  TWO  SMOOTHED 

POSmON-TTME  CURVES  OBTAINED  FROM  THE  SAME  TEST 
(TEST  D7) 


Figure  10  shows  a  velocity  versus  time  record  obtained  by  simply  taking  the 
slope  of  the  position  time  curve  at  10-microsec  intervals  along  its  length,  and  plotting  this 
velocity  as  a  constant  over  that  time  period.  Figure  11  shows  a  final  plot  of  shock 
velocity  versus  shock  pMition.  This  plot  is  cross  plot  of  the  position  data  from  the  upper 
curve  of  Figure  10  and  velocity  data  from  the  lower  curve  using  time  as  a  parameter. 
From  plots  of  this  type,  the  determination  of  shock  travel  at  velocities  greater  than  2.0 
mm/microsec  was  made.  The  discontinuities  near  200  and  300  mm  travel  are  apparent  on 
these  plots,  coinciding  with  the  ends  of  the  M7  canisters. 
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SECONDS 


FIGURE  10.  UPPER  CURVE  SMOOTHED  POSITION— TIME  DATA. 

LOWER  CURVE  STEPWISE  VELOCITV  DATA  FROM 
UPPER  CURVE  (TEST  D7  PROBE  1) 


FIGURE  11.  CROSS  PLOT  SHOWING  VELOCITY  DECAY  WITH  DISTANCE 
ALONG  THE  M138.  (TEST  D7  PROBE  1) 


4.3  Results 


From  each  final  plot,  the  shock  travel  at  a  velocity  greater  than  2.0 
mm/microsec  was  measured  and  is  tabulated  in  Table  3.  Here,  the  limiting  value  of  2.0 
mm/microsec  was  chosen  over  the  initially  selected  2.3  mm/microsec  value  after 
examination  of  the  data  which  showed  that  the  observed  velocities  generally  fell  below 
this  level.  (Results  using  2.0  mm/microsec  versus  2.3  mm/microsec  are  conservative.) 
Occasionally,  near  the  end  of  a  record,  velocities  slightly  over  2.0  mm/microsec  were 
observed;  this  was  attributed  to  the  irregular  performance  of  the  probes  at  low  pressure 
levels.  This  conclusion  is  supported  by  the  recovery  in  several  tests  of  intact  portions  of 
munitions  which  came  from  the  same  regions  where  these  late  velocity  excursions  were 
observed.  It  should  be  noted  that  the  shock  travel  at  velocities  greater  than  2.0 
mm/microsec  for  an  simulated  non  detonable  test  item(7)  was  130  mm,  with  a  very  similar 
velocity  decay  curve.  Improved  data  reduction  techniques  from  those  used  in  Reference  7 
were  used  on  the  current  data  set*  so  that  the  difference  between  the  current  data  and 
the  simulated  non-detonable  item  may  be  less  than  suggested  by  the  numbers.  In  any 
event,  the  results  obtained  from  the  current  tests  on  live  BZ-pyromix  were  quite  similar 
to  those  obtained  on  the  simulated  non-detonable  mockup  item. 

With  respect  to  the  munition  remains  after  the  test,  about  two-thirds  of 
the  original  munition  remained  intact,  with  no  burning  of  the  remaining  BZ-pyromix-filled 
canisters  in  the  inerted  and  short-time  inerted  munitions  tests.  For  the  non-inerted 
munitions,  a  vigorous  reaction  of  most  or  all  the  BZ-pyromix  occurred.  Although  the 
entire  munition  was  broken  up,  many  large  fragments  with  areas  almost  one-half  that  of  a 
single  canister  case  remained,  indicating  that  the  pressures  developed  prior  to  canister 
burst  were  not  appreciably  above  the  minimum  pressure  required  to  burst  them,  far  below 
the  predicted  detonation  pressure.  In  the  unheated  non-inerted  tests  and  preheated  tests 
Dll  and  D12,  all  canisters  were  destroyed.  In  the  other  preheated  tests,  one  distorted  but 
intact  M7  canister  remained,  except  in  test  D17  where  two  M7s  remained  intact.  In  test 
D17  there  also  was  evidence  of  unbumed  BZ-pyromix.  The  bursting  of  the  M7  canister's 
M138  sleeve  and  the  added  confinement  tube  in  these  tests  due  to  the  reaction  of  BZ- 
pyromix  was  to  be  expected  because  the  core  hole  (which  normally  vents  the  generated 
gases  and  BZ  aerosol)  was  securely  plugged  with  epoxy  resin  cast  in  place. 

Both  the  active  instrumentation  and  the  post-shot  appearance  of  the 
munition  remains  confirm  that  no  sustained  detonation  occurred,  nor  does  there  appear  to 
be  any  evidence  for  a  fading  detonation  as  would  occur  with  a  material  which  would 
support  a  sustained  detonation  in  a  slightly  larger  charge  diameter. 


*  The  difference  arises  principally  in  the  use  of  an  additional  calibration  which  eliminates 
the  effect  of  long  term  drift  in  the  constant  current.  It  was  found  after  the  tests  of 
Reference  7  that  the  current  provided  by  the  constant  current  supply  slowly  drifted  up 
with  time  between  pre-calibration  measurements  and  conduct  of  the  test.  This  drift 
went  undetected  in  the  Initial  non-agent  tests. 
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Table  3.  Shod<  Travel  at  Velocity  Greater  Than  2.0  mm/mlcrosec 


Test 

No. 

Probe  1 
mm 

Probe  2 
mm 

Average 

Within 

Groups 

mm 

Standard 
Deviation 
of  Group 
mm 

D1 

100 

* 

y 

D2 

107 

- 

103.5 

±  4.9 

D3 

116 

• 

D4 

92 

92 

104 

±  17.0 

D5 

98 

116 

D6 

115 

125 

D7 

100 

100 

109 

±  10.1 

D9 

• 

DIO 

Dll 

120 

5g(a) 

130 

59(a) 

D12 

108 

- 

D13 

108 

112 

D14 

102 

no 

D13 

115 

- 

D16 

109 

106 

D17 

106 

113 

111.6 

±  6.6 

Overall  Average 

108.8 

±  8.5 

(a)  Not  Included  In  averages  because  of  no  contact  between  donor 
charge  and  M 1 3S  munltbn. 


Notet  The  total  shock  travel  distance  1$  6.3  mm  greater  than  the  values 
shown  because  the  end  of  the  active  probe  was  6.3  mm  from  the 
lower  end  of  the  munition. 
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Additional  evidence  regarding  the  reaction  of  the  BZ-pyromix  was  obtained 
from  the  measurement  of  pressure  inside  the  sphere  following  the  detonability  tests.  An 
example  pressure  measurement  record  is  shown  in  Figure  12  for  test  D7.  As  demonstrated 
in  this  examplei  all  records  showed  an  initial  spike  pressure  which  rapidly  decayed  to  a 
more  slowly  changing  pressure,  called  the  initial  steady  pressure.  Ten  of  the  15  records 
obtained  showed  a  small  increase  to  a  maximum  pressure  in  a  small  fraction  of  a  second, 
followed  by.  a  steady  pressure  decay  to  the  last  accurately  measured  pressure  at  10 
seconds  after  the  test. 


FIGURE  12.  EXAMPLE  PRESSURE  MEASUREMENT  RECORD.  (TEST  D7) 


Table  4  shows  a  tabulation  of  the  measured  pressures  from  the  records  as 
Identified  in  the  example  above.  Examination  of  this  data  shows  that  the  initial  spike  and 
maximum  presswes  fall  into  three  groups  corresponding  to  the  inertedi  short-time 
inertedt  and  live  munitions.  The  live  munition  group  includes  both  the  ambient  and 
preheated  munitions  mixed  together.  This  grouping  is  shown  graphically  in  Figure  13.  The 
separation  of  these  initial  and  maximum  pressures  may  be  taken  as  an  indication  of  the 
fraction  of  the  BZ-pyromix  which  reacted  in  the  first  few  tenths  of  a  second.  Thus  there 
appears  to  be  no  significant  difference  in  the  amount  of  BZ-pyromix  reacted  during  shock 
wave  passage  (or  detonation  if  it  occurred)  between  the  ambient  temperature  live 
munitions  and  the  preheated  live  munitions. 
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nGURE  13.  PRESSURE  DISTRIBUTION  HISTOGRAMS, 
CLASS  INTERVAL  Z  PSI 


During  the  decay  of  pressure  in  the  first  ten  seconds,  however,  the  ambient 
temperature  and  preheated  tests  divide  into  two  groups  as  shown  in  Figure  13.  Signifi¬ 
cantly  less  pressure  decay  occurs  in  the  preheated  group  than  in  the  ambient  temperature 
group.  This  shows  that  the  reaction  of  the  BZ-pyromix  which  remained  after  initial  shock 
wave  passage  in  the  preheated  group  was  taking  place  faster  during  the  first  ten  seconds 
than  in  the  unheated  group,  but  by  a  gradual  and  progressive  process,  not  a  detonation. 
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4v4  Attalvito  of  Rawilti 

The  effects  of  pre-treetment  inerting,  short-time  inerting,  embient  or 
prehented  condition  on  the  shock  travel  distance  at  velocities  greater  than  2.0 
mm/microsec  was  analysed  by  comparing  the  average  run  distances  and  standard 
deviations  between  groups  with  different  pre-treatments  as  shown  in  the  two  right  hand 
columns  of  Table  3.  The  standard  deviations  of  grovgw  generally  overlap  the  means  of 
other  groiq>s.  It  appears  that  there  is  no  significant  difference  in  shock  travel  distance 
between  different  pre-treatments. 

The  effect  of  lot  bum  time  on  the  shock  travel  distance  at  velocities 
greater  than  2.0  mm/microsec  observed  was  analysed.  Again  no  significant  correlation 
was  found. 


The  effect  of  pre-treatment  on  the  pressures  developed  within  the  sphere 
and  the  subsequent  pressure  decay  has  been  presented  in  Figure  13.  Analysis  for 
additional  correlation  of  the  pressiure  parameters  shown  in  Table  4  with  the  measured  bum 
times  for  each  lot  showed  no  correlation  between  bum  time  and  any  of  the  individual 
pressure  parameters. 


5,  CONCLUSIDNS 


Bated  on  tlie  reaulta  obtained  during  tbeae  teats  and  their  analysbt  the 
following  conclusiains  are  drawm 

1.  The  BZr-pyromis  contained  in  the  M138  bomhlet  configuration  ia  non- 
detonable. 

2.  Hue  observed  shock  wave  decay  in  the  munitions  from  the  C-*4  donor 
charge  was  not  affected  by  prti-treatment  inerting  by  immersion  in  a 
water/wetting  agent  solution,  nor  by  preheating  to  80  C. 

3.  The  observed  shock  wave  decay  agreed,  within  experimental  error, 
with  the  observed  shock  wave  decay  in  a  previous  test  of  an  inert 
mockup  munition. 

4.  No  significant  correlation  exists  between  a  tendency  to  react  during 
passage  of  a  high  pressure  shock  wave  and  munition  bum  time. 
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APPENDIX  A 

Resistance  Probe  Data  Reduction 

The  resistance  probe  circuit  is  shown  in  Figure  B-i.  It  consists  of  the 
detonation  probe  suppiy  circuit  connected  to  the  detonation  probe  and  to  the  recording 
device.  The  constant  current  suppiy  makes  the  output  voitage  to  the  recording  device 
proportionai  to  the  resistance  to  ground.  In  operation,  the  switch  is  turned  first  to 
"operate**  and  the  output  current  is  adjusted  to  make  the  output  voitage  near  the  upper 
iimit  of  the  recording  scaie  being  used  on  the  recording  device  to  provide  optimum 
resoiution  of  recording.  Once  the  current  is  adjusted,  it  is  not  further  changed 
intentionaiiy.  However,  in  practice  the  current  from  the  suppiy  remained  constant 
over  short  time  periods,  but  drifted  slowiy  upwards  over  ionger  time  periods,  such  as 
the  time  between  caiibration  measurements  and  shot  time.  To  compensate  for  this 
drift,  caiibration  measurements  made  before  the  test  were  actuated  at  the  time  of  the 
experiments  with  the  aid  of  the  pre-detonation  baseiine  voitage  measured  from  the 
actuai  detonation  probe  dynamic  voitage  record. 

Three  initiai  caiibration  voltage  measurements  were  made  at  the  recording 

device: 

'^ol  obtained  with  the  switch  in  the  '*operate**  position, 

'^cal  1  ®****^®‘*  switch  in  the  '*120  ohm  cai"  position, 

and 

Vgi  obtained  with  the  switch  in  the  "short"  position. 

These  three  measurements  were  made  over  a  short  time  period  to  insure  against 
current  drift  in  the  constant  current  supply.  The  measurement  of  was  repeated 
after  measurement  of  No  change  in  assured  that  the  initial  measuring 

current  I,  had  indeed  remaned  constant.  From  Ohms'  Law  we  wrote 


''.i  - 

*1^ 

(1) 

''call  * 

*1  ^sw  *  *^cal^ 

(2) 

where 

".I  ' 

*1  *^sw 

(3) 

"p  • 

is  the  total  resistance  in  the  probe  circuit 
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FIGURE  A-1.  DETONATION  PROBE  CIRCUIT 


A- 3 


■  resistance  of  the  switch  contacts  and  directly  associated 
circuitry 

Rcaj  *  resistance  of  precision  resistance  «  120  12 


By  subtracting  (3)  from  (2)  the  unknown  switch  contact  resistance  was  eliminated,  or 
at  least  errors  from  this  source  reduced,  and  an  expression  for  the  initial  measuring 
current  was  obtained! 


(V 


cal  1 


(*) 


After  the  shot  was  fired  (switch  in  operate  position),  a  measurement  of  the  initial, 
predetonation  baseline  voltage,  say  ^^02  yielded! 


where 


1. 


•  V2 

3  the  measuring  current  at  shot  time 


(5) 


This  expression  for  was  equated  to  the  value  of  R^  from  equation  (1)  yielding: 


Finally  the  value  of  the  total  probe  resistance  is  given  by 

3  R|j  +  r_  (L  -  x) 

P  id  p 

where 


(6) 

(7) 


R|^  is  the  resistance  of  the  connecting  lead  wires  to  the  probe 
Tp  is  the  specific  resistance  of  the  probe  wire  (in  the  present  case 
rp  3  0.2892  (2/mm  or  88.13  (2/ft). 

L  is  the  total  length  of  the  probe  resistance  wire 
and 

x  is  the  length  of  probe  resistance  shorted  out  by  crushing  of  the 
surrounding  tube  by  the  shock  wave  pressure.  This  is  taken  as  the  shock 
wave  position  which  is  the  value  to  be  determined. 

At  shot  time,  V^2  given  by: 


^o2  *  *2  ^*^id  '■p*'^ 

and  V  the  dynamic  value  of  the  signal  voltage  during  the  shot  is  given  by 

3 


(8) 


''s  •  h  <*^id  ^  ■'p  ^L-x)) 


(9) 


V  >*' 
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By  subtracting  (9)  from  unknown  probe  lead  resistance  and  the  probe 

total  length  were  eliminated.  The  resultant  expression  solved  for  x: 


-  <''o2  -  VaV*2"p* 


(10) 


The  value  for  I2  was  fowd  from  equations  (6)  and  (4)  and  substituted  into  (10)  to  yield 
the  final  expression  for  x  in  terms  of  known  constants  or  measured  quantities: 


X 


<''02 -V 

(V^a,  I  -  Vgi). 


(II) 


In  practice,  evaluation  of  (11)  merely  meant  subtracting  the  time  varying  signal  V 

S 

from  the  constant  and  multiplying  the  difference  by  the  experimentally  derived 
constant  for  each  experiment  of  '^ol^‘‘p^o2  ^^cal  1  "  '^gl^* 


The  indicated  operations  were  carried  out  by  the  signal  processing  capability  of  the 
Smartscope. 


53 


AdP^00428 


HAZARDS  CLASSIFICATION  TESTING 
OF 


AMMONIUM  PERCHLORATE 


"by 


Joseph  P.  Caltaglrone,  ARRADCOM 
Dari  E.  We  stover,  ARRADCOM 
Fred  L.  McIntyre,  Computer  Science  Corp. 


ABSTRACT 


Baaed  upon  laboratory  test  results,  the  West  German  representative  to 
the  UN  Committee  on  the  Transportation  of  Dangerous  Goods  has  recommended 
that  Ammoninm  Perchlorate(AP)  of  all  particle  sizes  he  classified  as  a 
Class  1.1  explosive.  If  this  recommendation  is  adopted  it  will  have  a 
drastic  effect  on  the  transportation  of  ammonium  perchlorate  vith  commer¬ 
cial  concerns  and  military  agencies.  Under  current  regulations,  only  AP 
with  a  particle  size  less  than  4?  microns  is  considered  Class  1.1  (the 
latest  DARCOM  regulation  specifies  15  microns  or  less).  Above  45  microns, 
AP  is  classified  as  si  5.1  oxidizer.  In  order  to  resolve  this  difference, 
a  plan  for  conducting  UN  Test  Series  6  for  packaged  AP,  200  micron  size  in 
30  gallon,  250  lb  steel  drums  was  developed  in  cooperation  with  the  JANNAF 
Interagency  Propulsion  Committee  and  DARCOM  Safety  Office.  This  paper  dis¬ 
cusses  the  test  plan,  testing,  results  and  recommendations. 
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INTRODUCTION 


Ammonium  perchlorate  (AP)  Is  an  oxidizer  ingredient  used  in  the  manu¬ 
facture  of  composite  solid  propellants.  Under  current  UN  regulation  am¬ 
monium  perchlorate  with  a  particle  size  less  than  U5  microns  is  considered 
a  Class  1.1  explosive  (latest  DARCOM  reg  specifies  15  microns  or  less). 
Above  1*5  microns.  It  is  classified  as  a  5.1  oxidizer.  The  hazards  clas- 
siflcat^lon  of  ammonium  perchlorate  UN  No.  lkk2  (AP  oxidizer)  has  recently 
been  questioned  by  the  UN  Committee  of  Experts  on  the  Transport  of  Danger¬ 
ous  Goods.  If  classified  as  a  1.1  explosive,  it  will  have  a  drastic  effect 
on  shipping  with  commercial  concerns  and  military  agencies.  To  resolve 
this  conflict,  a  series  of  tests  was  conducted  in  March  1982  in  accordance 
with  INTEREG,  Transportation  of  Dangerous  Goods,  198I  edition.  These 
tests  were  managed  by  the  Energetic  Systems  Process  Division,  Large  Caliber 
Weapon  Systems  Lab,  ARRADCOM  and  conducted  at  NASA  National  Space  Technol¬ 
ogy  Laboratories  under  the  direction  of  the  ARRADCOM  Resident  Operations 
Office  (AROO).  This  paper  s*immarizes  the  test  plan,  tests,  results  and 
recommendations.  A  more  detailed  account  may  be  obtained  from  ARRADCOM 
Report  No.  ARLCD-CR-82026 ,  "Hazards  Testing  of  Ammonium  Perchlorate,"  May 

1982. 


TEST  MATERIAL 


Ammonium  perchlorate,  nominal  200  micron  size,  manufactured  by  Kerr- 
McGee  Chemical  Corporation,  was  provided  for  testing.  The  package  is  a 
113.6  1  (30  gal)  DOT  37A-350  20-gage  steel  drum  with  a  bolted  ring  clo¬ 
sure.  The  dimensions  of  the  drum  are  O.T^m  high  by  0.l*9m  diameter  with 
0.8mm  thick  walls.  (Note:  This  is  a  heavier  gage  (20  vs  2k)  drum  than 
required  for  U. S.  shipment  of  this  material.  The  material  was  packed  in¬ 
side  the  drum  in  two  conductive  polyethylene  bags  with  approximately  k.'y  kg 
(10  lb)  of  dessicant  placed  atop  the  ammonium  perchlorate  inside  the  inner 
bag.  Gross  weight  of  the  drum  and  contents  averaged  119.5  kg  (261*  lb). 

The  test  plan  called  for  sample  analysis  to  verify  particle  size 
distribution  and  moisture  content  of  each  drum.  Particle  size  distribution 
was  determined  in  accordance  with  MIL-STD-286B  and  ABTM  300.  Two  samples 
from  each  drum  were  removed  from  the  center  by  a  standard  core  sampler. 

The  50  g  seuitple  was  weighed  and  placed  on  a  U.S.  standard  number  50  sieve. 
Number  80,  100,  120,  lUO,  200,  325  sieves  and  a  catch  pan  were  placed  be¬ 
neath.  All  sieves  were  Inserted  into  a  lyier  Model  RX-21  portable  sieve 
shaker  for  five  minutes.  The  amount  of  material  remaining  on  each  sieve 
was  weighed.  After  particle  size  analysis,  the  Individual  samples  were 
recombined,  weighed,  then  placed  in  a  vacuum  oven  at  75°C  (i67°F)  tempera¬ 
ture  for  two  hours  at  29  inches  vacuum.  Each  sample  was  reweighed  and  the 
weight  loss  recorded  as  the  moisture  content,  which  was  specified  as 
0.007  percent. 
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TESTS 


The  tests  required  by  INTEREG,  Transportation  of  Dangerous  Goods, 

1981,  for  determining  the  hazards  classification  (Class  1.1,  1.2,  1.3,  l.*») 
are; 

1.  Test  Series  6a:  Three  single  package  tests 

2.  Test  Series  6b:  Three  stack  tests  (5  packages  minimum) 

3.  Test  Series  6c:  One  external  fire  test  packages  minimum) 

Single  Package  Test 

The  purpose  of  this  test  is  to  determine  whether  initiation  or  igni¬ 
tion  in  the  package  causes  burning  or  explosion  and  whether  burning  or 
explosion  propagates  within  the  package;  also,  how  the  surrotindings  are  af¬ 
fected. 

Two  series  of  single  package  tests  were  conducted  three  times  each. 

For  both,  a  drum  of  ammonium  perchlorate  was  placed  on  a  steel  witness 
plate  0.8lm  X  0.8lm  X  12.7mm  thick  (2.67  ft  X  2.67  ft  X  0.5  in)  at  ground 
level.  A  Chromed/Alumel  thermocouple  was  positioned  inside  the  driaa  25.Umm 
(1  in)  above  the  ignition/initiation  source.  An  additional  thermocouple 
was  fixed  to  the  outside  of  the  drum  near  the  center.  The  drum  was 
confined  by  Im  (3.28  ft)  of  sandbags  in  all  directions  to  provide  confine¬ 
ment  as  specified  in  the  INTEREG.  For  the  first  series  of  6a  single 
package  tests,  an  S9^  squib  with  56. 7g  (2  oz)  of  PFF  '^"'ack  powder  was 
placed  in  the  center  of  the  material  as  the  ignition  source.  A  typical 
test  setup  is  shown  in  figure  1.  The  second  series  of  6a  single  package 
tests  were  conducted  using  a  No.  8  blasting  cap  as  an  initiation  source  in 
place  of  the  S9l*  squib  and  black  powder  ignition  source. 

An  additional  test,  not  specified  in  the  INTEREG  procedures,  was  con¬ 
ducted  on  an  unconfined  drum  ignited  by  an  S9*t  squib  and  56. 7g  (2  oz)  of 
black  powder. 

Stack  Test 


The  purpose  of  this  test  is  to  determine  whether  and  In  what  way  burn¬ 
ing  or  explosion  in  the  stack  propagates  from  one  package  to  another  and 
how  the  surroundings  are  endangered  in  this  event. 

It  was  planned  to  conduct  the  stack  tests  (6b)  as  shown  in  figure  2. 
Five  drums  would  be  placed  on  ground  level  with  a  witness  plate  under  the 
donor  drum  which  would  be  ignited  by  an  S94  squib  and  56. 7g  (2  oz)  of 
black  powder.  Sandbags  were  to  be  placed  around  the  entire  stack  Im 
(3.28  ft)  thick.  Thermocouples  would  be  placed  in  the  donor  drum  as  in  the 
single  package  tests. 

However,  since  there  was  no  explosive  reaction  in  the  6a  single 
package  tests,  the  series  6b  stack  tests  were  deleted  per  paragraph  4.5.5 
of  the  INTEREG. 
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External  Fire  Test 

The  objective  of  this  test  series  is  to  determine  how  the  packages  in 
the  stack  behave  when  involved  in  an  external  fire  and  whether  and  in  what 
way  the  surroundings  are  endangered  blast  waves,  heat  radiation,  and/or 
fragment  projection. 

One  test  was  conducted  as  required.  Five  drums,  each  containing  113.4 
kg  (250  lb)  of  ammonium  perchlorate,  were  placed  on  a  steel  crib  Im  (3.28 
ft)  above  the  ground  surface  as  shown  in  figure  3.  They  were  banded  to¬ 
gether  with  two  steel  bands  to  inalntain  drum  contact  during  the  test.  Air 
dried  lumber,  50.8mm  by  101.6mm  X  1.5m  (2  in  by  4  in  by  59  in)  was  placed 
beneath  the  crib  in  a  lattice  with  a  lateral  separation  of  101.6mm  (4  in), 
The  eutire  crib  was  surrounded  by  the  same  size  lumber  to  a  minimijm  thick¬ 
ness  of  508mm  (20  in).  The  entire  mass  was  drenched  with  53  1  (l4  gal)  of 
diesel  fuel/gasoline  mixture  (9/1  ratio)  and  Ignited  remotely  by  two 
electric  matches  each  with  56. 7g  (2  oz)  of  FPF  black  powder  l80°  apart  at 
the  base. 


INSTRUMiMTATION 


The  test  setup  and  instrumentation  are  shown  in  figure  4.  Instrumenta¬ 
tion  consisted  of:  pressure  transducers,  thermocouples,  heat  flux  gages, 
motion  picture  cameras,  fiducial  markers,  and  fragment  assessor  panels 
for  the  external  fire  test  only. 

Pressure  transducers  in  a  90°  array  were  used  to  measure  potential  in¬ 
cident  overpressure  resulting  from  an  explosion  or  partial  explosion. 

Twelve  vere  used  for  the  single  package  tests  from  1.19  to  17.85  m/kg^'3 
(3  to  45  ft/lb^/8)  and  eight  for  the  external  fire  tost  from  I.98  to  17.85 
m/kgl/3  (5  to  45  ft/lb^/3). 

Temperature  measurements  in  the  test  material  using  22  gage  Chromel/ 
Alumel  thermocouples  were  obtained  "or  the  single  package  tests  only.  One 
thermocouple  was  attached  to  the  outside  center  of  the  drum  and  the  other 
was  in  the  center  25.4nm  (l  in)  above  the  ignitor/initiator. 

Thermal  radiation  lata  establish  the  intensity, diuratton,  and  spatial 
characteristics  as  functions  of  material,  size  of  combustion  zone  and  burn¬ 
ing  rate  to  determine  the  distance  at  which  a  value  of  0.3  calories  per 
sqtiare  centimeter  per  second  from  the  material  is  obtained. 

Motion  picture  coverage  consisted  of  three  cameras  operating  at  50C 
freunes  per  second  (fps)  and  one  at  24  fps.  Locations  of  the  camera  are 
shown  in  figure  4.  A  video  recorder  was  also  used  to  tape  the  events. 

Color  stiil  photographs  were  taken  before  and  after  each  test  shoving  typ¬ 
ical  setup  and  post-test  results.  Standard  meteorological  data  were 
recorded  for  each  test. 
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Fragment  assessor  panels  (fi'ber'board)  banded  to  make  a  pack  3.66i!m  X 
1.22m  X  2.1»l*m  high  (I2ftxl»ftx8ft  high)  as  shown  in  figure  3  were 
placed  as  shown  in  figure  The  purpose  of  these  is  to  make  an  assessment 
of  the  number  of  projections  emanating  from  the  material  in  the  event  of  an 
explosion.  This  was  done  only  for  the  external  fire  test  as  required  by 
the  INTEREO. 


RESULTS 


Data  Analysis 


Data  analysis  for  end- item  stores  is  based  upon  the 'tJo/No-Go"  results 
of  the  prescribed  tests  as  outlined  in  the  INTEREO,  Chapter  4  and  TB700-2, 
Department  of  Defense  Explosives  Hazard  Classification  Procedure. 

The  flowchart  for  interpretation  of  test  series  6  is  shown  in  figure  6. 

Discussion 


■  Particle  size  analyses  were  in  general  agreement  with  the  specified 
data.  Any  differences  may  bt-  attributable  to  transportation  or  material 
handling  where  additional  shearing  or  grinding  occurred.  The  sampling 
technique  may  also  account  for  the  minor  differences.  Moisture  analyses 
were  somewhat  different  from  the  specified  data.  The  differences  are 
attributable  to  sampling  techniques  as  well  as  the  humidity  difference 
between  the  test  site  (high  relative  humidity)  and  the  processing 
location. 

A  total  of  six  tyne  6a,  single  package  tests  were  conducted  with  a 
minimum  of  Im  (3.28  ft)  of  sai^dbag  confinement.  In  the  first  three  tests 
an  ignition  source  (S54  squib  and  black  powder)  was  used,  while  in  the 
second  tlire"^  tests  an  initiation  source  (No.  8  blasting  cap)  was  used. 
Figures  7  and  8  show  the  typical  test  setup.  Figure  7  shows  the  drum 
before  totally  confined  with  sandbags.  Figure  8  shows  total  confinement 
before  ignition/initiation.  The  results  of  all  six  tests  were  similar. 

Upon  Ignition/initiation,  white  smoke  was  visible  within  five  seconds;  a 
red/oi‘ange  smoke  was  visible  near  the  lid  of  the  drum  after  one  minute. 
Within  l8  to  20  minutes  there  was  an  increase  of  red/orange  smoke  lasting  30 
to  45  seconds.  The  average  total  thermal  decomposition  time  for  each  drum 
was  27  minutes. 

There  were  no  overpressures  detected  in  any  of  the  single  package  tests. 
There  was  no  fragmentation  from  the  drums.  Heat  flux  values  were  several 
orders  of  mf>gnitude  less  than  the  0.3  cal/(cm2s)  at  or  beyond  30.48m  (lOO 
ft)  radius  ■ f ^t  is  being  considered  for  Division  1.4  material  by  the  UN 
Ccmmlttie  d':'  Experts  on  the  Transportation  of  Dangerous  Goods.  Figures  9  and 
xO  show  typical  post-tt  , .  results  for  the  confined  single  package  tests. 

The  drum  was  discolored  from  the  heat  but  was  not  ruptured,  split, fragment¬ 
ed  or  even  significantly  deformed.  There  was  no  deformation  of  the  witness 
plate. 
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Results  of  the  single  package  test  without  confinement  (figure  11 } 
were  different  from  the  previous  testa.  The  lid  of  the  drum  relieved. 

None  of  the  ammonium  perchl.orate  Ignited.  Some  material  was  spilled  on  the 
ground  as  the  result  of  Ignition. 

A  svumuary  of  all  single  package  tests  Is  contained  In  Table  1. 

The  extei-nal  fire  test  configuration  with  all  lumber  In  place  Is  shown 
In  figure  12.  Following  Ignition  of  the  lumber  and  visual  observation  of 
a  sustained  fire,  the  lids  of  Individual  drums  began  to  relieve  starting  at 
42  seconds  for  the  first  drum  following  Ignition  to  84  seconds  for  the 
fifth.  The  ammonium  perchlorate  burned  for  3  minutes  when  the  majority  of 
the  material  had  been  consumed.  The  reaction  was  more  Intense  for  a  30 
second  period  during  the  3  minutes.  The  wood  fire  burned  substantially 
longer  than  the  30  minutes  required  by  the  test  procedures.  There  was  no 
explosion,  no  rupture,  splitting,  or  fragmenting  of  the  drums,  and  the  fire 
effects  were  minimal.  The  post-test  result  is  shown  in  figure  13.  Table 
2  summarizes  the  external  fire  test. 


CONCLUSIONS 


Based  upon  test  results  of  the  single  package  and  external  fire  tests 
and  interpretation  of  results  as  outlined  in  figure  6  (figure  4.3  of  the 
INTEREG)  and  paragraph  6.5  of  the  Dod  Explosives  Hazard  Classification 
Procedure,  TB700-2,  there  are  no  indications  that  ammonium  perchlorate  with 
nominal  particle  size  of  200  microns  exhibited  explosive  behavior. 
Specifically; 

1.  There  was  no  explosion,  no  overpressure  detected,  no  rupture, 
splitting,  or  fragmenting  of  the  drums,  and  no  radiant  heat  hazard,  during 
the  6a,  single  package  tests. 

2.  There  was  no  mass  detonation,  no  fragmentation,  no  mass  fire 
effect ,  and  little  or  no  damage  to  the  shipping  drums  as  a  result  of  the 
6c,  external  fire  test. 

3.  Ammonium  perchlorate  did  not  react  when  primed  by  a  394  squib  and 
56. 7g  (2  oz)  of  FFF  black  powder  without  confinement. 

4.  There  was  no  explosive  hazard  exhibited  during  any  of  the  tests 
performed  as  required  by  the  INTEREG. 
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Figitre  5-  Location  of  Fragment  Assessor  Panels 
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Figure  6.  Interpretation  of  Test  Results 


Figure  7.  Single  Package  Setup  Before  Confinement 


Figure  8. 


Single  Package  Setup  with  Total  Confinement 
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Figure  12.  External  Fire  Test  Setup 


Figure  13.  External  Fire  Test  Results 
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Table  1.  Single  Package  Test  Results 


Material 

Ignition 

nethod 

Confinement 

Results 

5  each  113.4  kg 
atmnonium  perchlorate 
in  steel  drums 

S67  kg  (1250  lb) 
total  weight 

2  each  electric 
matches  with 

56.7  g  black  pow¬ 
der  180"  apart  at 
base  of  steel  crib 

Steel  banded 

No  explosion,  drum 
body  intact,  no 
explosive  hazard 

Table  2 


External  Fire  Test  Results 
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CLASSIFICATION  AND  IN-PROCESS  CLASSIFICATION  TESTING  - 
WHERE  DO  WE  GO  FROM  HERE? 


by 

F.  L.  MCINTYRE 

COMPUTER  SCIENCES  CORPORATION 
NASA  NATIONAL  SPACE  TECHNOLOGY  LABORATORIES 
N3TL  STATION,  MS  39529 

ABSTRACT 

In  1974,  an  agreement  was  reached  between  DcD  and  NATO  to  atari dardizt.- 
Hazards  Classification  Proc  tdures  and  adopt  the  UN  Classification  System. 
Implementation  by  r  iD  was  scheduled  for  1976.  Actual  adoption  occurred  in 
1978:  however,  TB700-2  was  not  released  until  March  1982. 

V 

Basically  this  procedure  does  not  change  the  existing  Bulk  Interim  Qualifi¬ 
cation  Tests  which  still  include:  Card  Gap;  Detonation;  Ignition  and  Unconfined 
Burning;  Impact  and  Thermal  Stability  Tesis.  End-item  classification  testing 
changed  significantly  and  includes:  Single  Package,  Stack  Test  and  External 
Fire  Stack  Test.  Additional  constraints  on  End-item  Munition  Testing  Require 
Heat  Flux  and  Firebrand  Data  for  1.3  and  1.4  materials  and  TNT  Equivalency 
and  Fragmentation  Assessment  for  1.1  and  1.2  class  munitions. 

This  new  procedure  was  instantly  open  to  criticism.  Card  Gap  and  Impact 
Sensitivity  tests  are  too  severe  for  most  materials,  particularly  small  arms  pro¬ 
pellants  and  pyrotechnics.  The  Ignition  and  Unconfiiied  Burning  Test  is  not 
applicable  to  pyrotechnics.  End-item  tests  are  nore  costly  in  terms  of  the 
amount  of  munitions  required  as  well  as  instrumentation  requirements  (Heat 
Flux  and  TNT  Equivalency).  Finally  in-process  classification  was  excluded. 

I  hope  to  briefly  discus^the  new  Hazards  Classification  Procedures,  the 
need  for  In-process  Classification,  and  Pyrotechnic  Test  Procedures  proposed 
by  the  Pyrotechnic  Committee  at  thi  Second  International  Conference  on  Stan¬ 
dardization  of  Safety  and  Performance  Tests  for  Energetic  Materials.  It  is 
impossible  to  cover  all  in  great  detail  -  rather,  my  intention  is  to  provoke 
thought  and,  possibly,  some  action. 
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INTRODOCTION 

An  end -item  has  been  produced  for  several  years  and  although  a  different 
type  of  liner  was  substituted  for  the  existing  one,  there  was  no  change  in  the 
formulation.  In  another  instance  the  granulation  size  of  the  oxidizer  was 
changed;  the  binder  of  another  formulation  was  changed:  the  fuel /oxidizer 
ratio  of  a  given  mixture  was  changed  by  two  percent,  and  finally,  there  was 
an  improvement  in  packaging  technique  for  a  particular  end-item. 

All  of  the  above  scenarios  have  one  thing  in  common.  These  seemingly 
subtle  changes  constitute  a  new  or  improved  end-item  that  requires  reclassifi¬ 
cation  for  transportstion  and  storage.  The  classification  testing  would  be  per¬ 
formed  in  accordance  with  the  DoD  Explosives  Hazard  Classification  Procedure 
TB700-2,  March 

However,  none  of  the  above  scenarios  or  g^ross  changes  of  any  kind 
would  affect  classification  during  the  manufacturing  process.  Manufacturing 
processes  are  exempt  from  classification  unless  the  materials  are  transported 
by  public  conveyance.  Generally,  during  manufacturing,  all  bulk  mixtures 
are  consider  ^  vr  i.l  exploelv?,^  unti  the  mixture  is  consolidated  into  an  end- 
item.  At  sure  .r^c.  e  classitication  for  that  particular  end -item  would 
prevail . 

BACKGROUND 

Classification  of  hazardous  materials  is  the  systematic  arrangement  of 
such  materials  into  groups  or  categories  according  to  established  safety  cri¬ 
teria.  This  is  accomplished  by  subjecting  the  specimen  to  standardized  initia¬ 
ting  influences  (Figure  1).  The  output  reactions  being  observed  as  either 
mass  detonation  or  a  fire  hazard  are  then  used  to  determine  into  which  classi¬ 
fication  the  specimen  will  be  categorized  in  order  that  it  may  be  transpoi'ted 
and/or  stored  within  acceptable  safety  limits. 

Since  1967,  the  prescribed  authority  for  determining  hazards  classification 

of  explosives  (pyrotechnics  are  defined  as  explosives),  propellants,  and  end- 

items  was  the  U.S.  Army  Technical  Bulletin  700-2,  NAVORDINST  8020.3 
(2) 

TO  llA-1-47^  .  The  oreacribed  initiating  influences  for  bulk  materials  were 
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limited  to  the  selected  tests  such  as  Card  Gap,  Detonation,  Ignition  and  Un¬ 
confined  Burning,  Impact  Sensitivity,  and  Thermal  Stability  Tests.  The  ini¬ 
tiating  influences  for  end -items  were  limited  to  Detonation  Test  ”A",  Detonation 
Test  "B'*,  and  External  Heat  Test  "C**. 

In  1974,  an  agreement  was  reached  between  DoD  Components  and  NATO. 

A  new  document  was  to  be  written  and  published  as  early  as  1976  that  would 
incorporate  the  United  Nations  Classification  System  and  incorporate  similar 
tests  as  outlined  in  the  Transport  of  Dangerous  Goods  NATO  INTEREG  ST/SG/ 
AC.  10/1/^^^.  The  final  version  of  this  document.  The  DoD  Explosives  Hazard 
Classification  Procedures,  was  published  March  1982^. 

During  this  period,  a  significant  amount  of  research  and  testing  was 
devoted  to  developing  In-process  Hazards  Classification  Procedures.  A  NATO 
Committee  was  established  to  standardize  test  procedures.  ARRADCOM,  under 
the  auspices  of  Single  Service  Management  for  the  Manufacture  of  Munitions, 
proposed  in-process  classification  to  reduce  the  number  of  Incident /accidents 
associated  with  manufacturing.  In  1980,  a  safety  committee  also  established 
the  need  for  In-process  Hazards  Classification  and  Identification.  These  con¬ 
cepts  and  studies  have  met  considerable  resistance  and  basically  have  remained 
ignored  since  their  inception. 

DISCUSSION 

Changes  in  the  new  DoD  Explosives  Hazard  Classification  Procedures  deal 
with  terminology,  adaptation  of  the  UN  Classification  System  and  new  End-item 
Classification  requirements.  There  is  a  distinction  between  bulk  and  end -item 
classification;  bulk  material  testing  is  referred  to  as  interim  qualification  and 
end-item  testing  as  classification.  Figure  2  shows  the  interpretation  for  in¬ 
terim  qualification.  Other  significant  changes  deal  primarP  .  wiilt 
testing. 

End-item  testing  has  changed  significantly.  Three  types  of  tests  are 
conducted:  Single  Package  Test;  Stack  Test;  and  External  Fire  Stack  Test. 
The  number  of  tests  per  configuration  have  been  reduced  from  five  to  three 
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for  the  Single  Package  and  Stack  Teat  versus  five  each  tests  for  the  Detona¬ 
tion  Tests  "A*'  and  "B"  configurations.  However,  the  Stack  Test  now  re¬ 
quires  five  items  versus  two  for  the  Detonation  **B"  test.  Five  items  are  also 
required  for  the  External  Fire  Stack  Test  versus  two  to  six  for  the  External 
Heat  Test  "C".  Another  major  change  for  pyrotechnic  end -items  now  requires 
confinement  ranging  from  a  minimum  of  0.5  m  (1.64  ft)  to  a  maximum  of  1  m 
(3.28  ft)  dependent  upon  the  size  of  the  external  packages. 

Other  changes  require  that  radiant  flux,  firebrand,  and  fragment  density 
be  reported  for  division  1.3  and  1.4  materials.  TNT  equivalency  and  fragmen¬ 
tation  assessments  are  required  for  divisions  1.1  and  1.2  materials.  Interpre¬ 
tation  of  the  end-item  results  is  shown  in  Figure  3. 

Criticisms  came  from  several  areas.  End-item  tests  were  costly,  as  in¬ 
strumentation  for  heat  flux  and  TNT  equivalency  is  expensive.  Fragmentation 
assessment  was  costly  and  time-consuming.  Confhiemert  (up  to  1  m  (3.28  ft)) 
was  too  severe.  Bulk  Interim  Qualification  teste  remained  unchanged.  These 
tests  were  either  too  severe  for  small  arms  propellents  and  pyrotechnics,  or 
they  did  not  apply.  Other  participants  were  concerned  that  their  proposed 
tests  had  not  been  included.  As  a  result  In-process  Classification  was  still 
excluded. 

Such  criticisms  are  unwarranted,  as  the  critics  fail  to  grasp  the  intent  of 
the  classification  procedures.  TB700-2  is  used  to  determine  the  effects  of 
accidental  initiation  and  to  set  parameters  to  protect  property  and  personnel. 
This  is  accomplished  by  conducting  a  limited  number  of  tests  representing 
"worst  case"  situations;  then  reporting  the  results,  at  the  same  time  pro¬ 
viding  for  an  acceptable  safety  margin.  It  is  not  intended  that  these  tests 
replace  parametric,  stability,  sensitivity  and  performance  (output)  tests  which 
are  obtained  separately,  or  in  conjunction  with,  and  included  in  component  data 
safety  statements.  The  component  data  safety  statements  and  hazards  classifi¬ 
cation  results  can  ultimately  be  conbined  to  represent  the  hazards  associated 
with  handling,  transporting,  storage  and  use  of  a  particular  item.  The 
existing  classification  procedure  meets  this  objective.  Based  upon  a  survey 
of  incident /accidents^  there  is  no  known  incident /accident  attributed  to 


the  item's  being  categorised  in  the  wrong  division.  The  opposite  is  true 
when  classification  is  assigned  by  analogy  without  testing  to  support  the 
assigned  hazards  division. 

The  same  Incident /accident  analysis  also  indicated  that  the  majority  of 
all  incidents  were  associated  with  manufacturing.  This  is  understandable  be¬ 
cause  the  manufacturing  process  is  in  a  constant  state  of  change  and  the 
amouiit  of  data  available  concerning  in-process  hazards  are  not  readily 
available.  The  next  logical  step  in  the  classification  process  would  then  be 
to  screen  or  classify  the  materials  di’ving  various  stages  of  manufacturing. 
Potential  problems  would  be  Identified  and  prevented.  An  initial  attempt  at 
in-process  classification  was  developed  by  Pape  and  Napadensky''  ''  whose 
efforts  concentrated  on  propellants  and  explosives.  The  study  was  based  upon 
several  factors  including:  Historical  Accident  Survey;  Engineering  Analysis; 
Survey  of  Existing  Test  Methods;  Definition  of  the  Classification  Procedure 
Structure;  Selection  of  Candidate  Tests;  and  Validation  and  Finalization  of 
the  Proposed  Tests  Procedures.  Their  scheme  is  Illustrated  in  Figure  4. 

The  potential  of  the  study  represents  a  quantum  step  forward  in  reducing 
potential  mishaps  during  the  manufacturing  process. 

In  1977  and  1979,  the  International  Conference  on  the  Standardization  of 
Safety  and  Performance  Tests  for  Energetic  Materials  ^  ,  through  several 

international  agreements,  strove  to  develop  a  document  on  the  principles  and 
methodology  for  the  acceptability  of  energetic  materials  for  military  use. 

This  manual  makes  possible  the  international  and  Interservice  acceptance  of 
qualification  data  obtained  by  individual  services  and  industrial  laboratories. 
The  Pyrotechnics  Subcommittee  established  at  the  second  conference  ''  '  re¬ 
commended  a  series  of  tests  applicable  to  pyrotechnic  (Table  1)  including 
mandatory  and  prescribed  tests.  The  submissions  were  accepted  without 
prejudice  with  the  only  8t4>ulation  being  that  sufficient  Information  to  under¬ 
stand  and  duplicate  the  test  results  be  submitted.  It  was  also  noted  that 
additional  changes  could  be  submitted  when  better  procedures  were  developed. 
The  mandatory  test  methods  submitted  included:  Hygroscopicity ,  Heat  of 
Combustion,  TNT  Equivalency,  Dust  Explosion,  Linear  Bum  Rate  and  Pressure 
Time,  all  of  which  have  standard  procedures.  Additional  mandatory  tests 
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which  do  not  have  a  atandard  developed  procedure  include:  Ignitibillty 
Burning  Rate  (Flares).  Candle  Power,  Efficiency,  IR  Calibration,  Chroma- 
ticity.  High  Pressure,  Heat  Flux  and  Chemiluminescence.  In  the  case  of  an 
illuminant  output  measurement  it  was  felt  that  no  standard  test  could  be  de¬ 
veloped  untfl  the  instrumentation  could  be  standardized.  None  of  these  pro¬ 
posed  tests  were  considered  for  incorporation  to  the  TB700-2  or  ST /SG /AC.  10/ 

/0\ 

1/Rev  1  NATO  Transport  of  Dangerous  Goods  ' 

The  cursory  synopsis  of  changes  in  test  methods  during  the  past 
decade  will  have  a  significant  impact  on  the  pyrotechnic  community.  Generally 
pyrotechnics  are  grouped  under  the  broad  term  of  "explosives.”  Classifica¬ 
tion  tests  are  now  more  rigorous  due  to  confinement  and  the  slightest  change 
in  the  formulation  of  a  gfiven  mixture  would  require  reclassification.  The 
accomplishments  of  Pape  and  Napadinsky's  study  on  in-process  classification 
and  the  efforts  of  the  pyrotechnic  subcommittee  at  the  Second  International 
Conference  of  the  Standardization  of  Safety  and  Performance  Tests  for  Ener¬ 
getic  Materials  are  basically  unknown.  Probably  the  most  serious  result  of 
this  is  the  fact  that  the  formation  of  the  International  Pyrotechnic  Society  is 
still  a  well  kept  secret. 

It  is  imperative  that  we  in  pyrotechnics  adopt  some  positive  action  to 
bring  our  plight  to  the  forefront.  Such  steps  are  beginning  to  surface. 
McDonald.  Robinson  and  Johnson  ^  have  proposed  in-process  classification 
for  pyrotechnics.  They  have  also  proposed  an  in-process  hazards  identifica¬ 
tion  scheme.  The  identification  scheme  has  considerable  merit.  Logically,  it 
follows  that  we  should  consider  in-process  classification  as  a  means  of  reducing 
incidents  during  manufacturing.  This  can  only  be  accomplished  when  a  united 
group  clamor  for  changes.  In  discussing  in-process  classification  with  various 
DoD  safety  components,  all  Indicate  a  need  for  it,  but  each  is  waiting  for 
someone  else  to  take  the  initiative.  In-process  classification  would  be  welcomed 
when  and  if  such  techniques  were  validated.  The  initiative  is  ours. 

If  we  are  to  have  any  input  into  the  Allied  Ordinance  Publication  ^  '  con¬ 
cerning  pyrotechnic  performance  testing,  we  should  take  advantage  of  the 

test  methods  proposed  by  the  subcommittee  at  the  Second  Standardization  Con- 
(1\ 

ferenoe  ^  or  substitute  updated  more  germane  test  methods.  A  possible 


update  could  Indicate  friotkm  testing  using  the  Rotary  Friction  Device  Stan¬ 
dardized  by  Naval  Weapons  Support  Center.  Another  area  would  be  to  vali- 
date  the  20  liter  and  1  m  dust  chambers  and  substitute  these  procedures  for 
the  Hartmann  Test.  Possibilities  are  limitless. 

CONCLUSIONS 

1.  We  have  a  new  updated  DoD  Explosives  Hazard  Classification 
Procedure  that  we  must  take  the  time  to  understand  and  use 
as  it  was  intended.  It  will  stand  the  test  of  time. 

2.  In-process  classification  is  feasible  and  some  form  of  in-process 
classification  should  be  validated. 

3.  In-process  classification  techniques  demonstrate  the  potential 
to  reduce  manufacturing  incidents. 

4.  Through  international  agreements  it  is  possible  to  use,  validate, 
or  submit  standardized  test  methods  applicalbe  to  the  pyrotech¬ 
nic  community  that  allow  for  international  and  interservice  accep¬ 
tance. 

5.  Cognizant  DoD  safety  representatives  understand  the  need  for 
in-process  classification  but  they  are  waiting  for  others  to  take 
the  initiative. 

6.  The  Initiative  is  ours. 
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Table  1.  Proposed  Pyrotechnic  Standardized  Test  Methods 


Test 

Requirement 

Status 

Typical 

Test  Method 

Hygfroscopicity 

Mandatory 

All  Mixtures 

U.K.  MOAD 

Method  303  US  EA4D01  Final  Report 

Heat  of  Combustion 

Mandatory 

All  Mixtures 

MIL-STD-268-B 

UK  /Performance /Pyrotechnics-  2 

TNT  Equivalency 

Mandatory 

All  Mixtures 

TB  700-2 

UK  To  Be  Written  Up 

Ignitability 

Mandatory 

All  Mixtures 

Radiation  Pulse  Test 

UK  Bickford  Fuze  Test 

Dust  Explosion 

Mandatory  Mixtures 
and  Constituents 

3 

Hermann,  1  m  Dr  Passman,  Holland 
20  liter  Dr  Passman,  Holland 

Linear  Burn  Rate 

Mandatory , 

Delays  Only 

UK  /Pyrotechnic  Performance  / 1 
ARRADCOM  Procedure,  NSWC 

US  Navy  Procedure 

Burning  Rate 

Mandatory,  Lined 

Candle  ft  Bare  Grain 

No  Standard  Test  Method  Submitted 

Candle  Pov.'er 
(CANDELA) 

Mandatory,  Photoflash 
and  Illuminants 

UK  Performance /Pyrotechnic/ 4 

Efficiency 
(Candle /Sec -kg) 

Mandatory,  Photoflash 
and  Illuminants 

UK  Performance /Pyrotechnic/ 4 

Chromaticity 

Mandatory,  Colored 
Flares 

No  Standard  Test  Method  Submitted 

Chemiluminescence 

Mandatory 

Illuminants 

No  Standard  Test  Method  Submitted 

IR  Calibration 

Mandatory 

IR  Items 

UK  Performance /Pyrotechnics/ 5 

KTA-8 

Mandatoi*y  for  Smoke 

Pressure /Time 

Mandatory  for 

Explosion  Charges 

D.  Dillehay  5th  IPS 

Spin 

Mandatory 

(TRACER) 

Valcartier,  Canada  Test  Method 
Frankford  Arsenal  Spin  Test  USA 

High  Pressure 

Vessel 

Mandatoi*y 

(TRACER) 

Gun  Breech  Simulator  UK 

Valcartier,  Canada  Test  Method 

Heat  Flux 

Desirable  for 

Incendiaries 

TB  700-2 

Bullet  Impact 

Desirable 

Method  107  US  EA4D01  Final  Report 
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Figure  4.  Proposed  in-process  hazards  classification  procedure 
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Blast  Pareuneters  from  Cylindrical  Charges  Detonated 
on  the  Surface  of  the  Ground 
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Abstract 


Tcibles  and  diagreuns  of  scaled  side~on  blast  parameters 
are  available  for  time  of  sh^ck  front  arrival,  primary 
shock  front  overpressure,  ^erpressure  impulse  and  positive 
duration  for  cylindrical explosives  having  length  to 
dicimeter  ratios  of  1  an^  5 .  Charges  were  placed  in  a  vertical , 
a  horizontal  and  a  60°  inclined  position  to  the  surface  of 
the  ground.  Initiation  point  was  at  one  end.  Blast  parcuneters 
were  measured  along  9  blast  lines  at  scaled  standoffs  from 
0.5  to  3  2  mkg  ,  w  i 

1 .  Introduction 


2.  Experimental  Program 

3.  Scaling  Law 

4 .  Shock  Front  Contour 

5.  Blast  Parameters  as  a  Function  of  Azimuth  Angle 

6.  Blast  Parameters  versus  Scaled  Distance 

7.  References 


1 •  Introduction 


The  objective  of  this  report  is  to  present  a  com" 
pllatlon  of  blast  data  from  a  series  of  small  scale  HE 
tests  with  cylindrical  charges  detonated  at  the  surface  of 
the  ground.  In  a  literature  search  we  found  just  one  In¬ 
vestigation  concerning  blast  data  of  cylindrical  charges 
fired  on  the  ground  surface  (Ref.  1,  1975).  In  agree¬ 
ment  with  a  recent  manual  for  the  prediction  of  blast 
loadings  on  structures  (Ref.  3,  1980)  we  decided,  that 
the  existing  data  for  explosions  of  elongated  charges  on 
the  ground  surface  are  not  extensive  enough  to  develop 
prediction  curves  and  equations,  and  are  not  adequate  to 
check  scaling  laws.  Hence  an  experimental  program  was  de¬ 
signed  to  gather  more  data  on  the  blast  from  cylindrical 
charges  fired  on  the  surface  of  the  ground  oriented  with 
the  axis  parallel,  oblique  and  normal  to  the  surface. 


2.  Experimental  Program 

The  experimental  progretm  Is  delineated  in  Table  1 . 
Cylindrical  charges  having  length  to  diameter  ratios  of 
1  and  5  were  selected.  Rounds  were  fired  for  each  geometry 
with  the  charge  in  vertical  position  and  with  the  initiation 
from  the  top  (No.  4  In  Table  1).  In  the  next  group,  charges 
were  placed  in  a  horizontal  position  on  the  ground  and 
detonated  from  one  end  (No.  1  in  Table  1).  Figure  2.1 
shows  a  top  plan  of  the  cylindrical  charge  with  the  initiat¬ 
ion  point  at  the  end  in  line  with  the  O  degree  line. 

Keeping  the  charge  fixed  and  moving  clockwise  we  have  the 
Instrument  line  at  9  different  azimuth  angles  H  at  O, 

22.5,  45,  67.5,  90,  112.5,  135,  157.5,  180  degrees  to  the 
ground  zero  point. 
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Table  1 


Test  Plan 


A  three-number  code  le  used  to  characterize  the  test 
arrangement.  Initiation  point  Is  at  H  «<>  O.  The  code: 
L/D  ratio  -  Azimuth  Angle  H  -  Angle  of  Inclination  V 


1 .  Horizontal  Cylinders  (Angle  of  Inclination  V  »  0) 


5  -  0  -  0 
5  -  22,5  -  0 
5-45  -  0 
5  -  67,5  -  0 
5-90  -  0 
5  -  112,5  -  0 
5-135  -  0 
5  -  157,5  -  0 
5-180  -  0 


1  -  0-0 
1  -  45  -  0 

1  -  90  -  0 

1  -  112,5-  0 

1-135  -  0 


2.  45  Degrees  Inclined  Cylinders 


5-0-45  1-0-45 

5-90  -  45  1-90-45 

5-180  -  45  1-180-45 


3 .  60  Degrees  Inclined  Cylinders 


0 

-  60 

1  -  0 

-  60 

45 

-  60 

1  -  90 

-  60 

90 

-  60 

1-180 

-  60 

135 

-  60 

180 

-  60 

4.  Vertical  Cylinders  (Symmetric  In  azimuth  angle) 
5  -  S  -  90  1  -.  S  -  90 


5.  Hemispherical  Charges 


z 

Fig.  2.1 

Top  Plan  of  Blost  Lints  at  Azimuth  Anglos  H. 
Initiation  Point  at  H  «  0 . 

Z  s  Ignitor  0  •  Propagation  Chargo 
S  s  RDX  cylindor 


0  s 


V  .  0* 

70^77^777^77 


V  >  60*/ 

7777T/7^/77r/' 


V 

V777777/77777 


V «  90* 


V77/77r/77/// 


Fig.  2.2 

Sido  Viow  of  Cylindricol  Chorgos  Inclinod 
to  tho  Surfoco  of  tho  Ground 


As  Figure  2.2  shows  each  of  the  two  L/D  geometries  was 
fired  In  a  position  at  vertical  elevation  V  <■  60°  degrees 
Inclined  to  the  ground  surface  with  end  Initiation  away 
from  the  ground  (No.  3  In  Table  1) .  To  complete  the  program 
some  rounds  were  fired  In  a  position  V  ■  45°  degrees  to  the 
ground  surface  (No.  2  In  Table  1).  Semlspherlcal  charges  of 
Identical  masses  and  Identical  type  of  HE  were  Initiated 
at  their  center  of  mass  In  order  to  get  reference  values 
for  the  seml-spherlcal  blast  propagation  (No.  5  In  Table  1). 

All  charges,  as  shown  In  Table  2,  were  bare  RDX  with 
nominal  weight  of  0.016  kg,  0.128  kg  and  1.024  kg. 


Table  2  Explosives  Specifications 

Cylindrical  Charges  S  S4.5  %  RDX 

4.5  %  Wax 
1.0  %  Graphite 

.3 

Charge  Density  1680  kg  m 

Precision  Microsecond  Igniter  PL  464  Dynamlt  Nobel 
L  »  Charge  Length  D  =  Charge  Diameter  0  *  Propagation  Charge 


L/D  *  1  ,  L/D  *  5 


Mass 

In  kg 

1 _ ZZ _ _ 

D  In  cm 

L  In  cm 

D  In  cm 

L  in  cm 

U  in  g 

S  In  g 

0.016 

2,3 

1 

2,3 

1,35 

B 

2 

14 

0.128 

B 

B 

2,7 

13,4 

5 

123 

1 .024 

9,2 

B 

5,4 

26,8 

8 

1016 
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Firings  were  made  on  heavy  steel  plates  that  were  nearly 
perfect  reflectors  of  blast  waves.  Restoration  of  the  plates 
and  of  the  compacted  sand  under  them  was  carried  out  after 
each  event.  Shown  in  Figure  2.3  is  the  field  layout. 


Fig.  2.3 

Top  Plan  of  the  Field  Layout 

Blast  Gages  No  1  to  11  along  the  Main  Instrument 
Line.  All  distances  in  centimeters 


The  geometric  center  or  a  projection  thereof  was  used  as  the 
ground  zero  point.  Eleven  blast  gages  were  Installed  along 
the  main  instrument  line  extending  from  0.5  meter  ..o  8  meter, 
corresponding  to  scaled  distances  from  Z  ■  0,5  to  Z  *  32 
Two  additional  control  gages  were  located  at  an  off  angle  at 
90°  equal  to  station  2  at  0.75  meter  and  to  station  4  at 
1.5  meter.  The  pressure  transducers  were  Kistler  Instruments 
model  603  B  piezoelectric  sensing  elements  having  a  natural 
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Tabit  3 

8LASTPARAI1ETER  .  ZYLINDRISCHE  LAOUNGEH  RNORDNUNC  3-90-0 


NR  . 

Z 

TA 

PS 

ISF 

TF 

1 

0 . 30 

1  17E-01 

1 

2 . 38EF60 

1 . 99E-01 

Z 

0  60 

1 .4SE-01 

I 

2 . 88Ef  00 

2  49E-01 

3 

0  .  70 

1  r4E-oi 

I 

2 . eSEFOO 

3 . 02E-01 

4 

0  80 

2 . 06E  01 

1 

2  88EFOO 

3  SSE'Ol 

5 

1  00 

2  74E-01 

8  18EF01 

2  886  FOO 

4 . 69E-01 

6 

1  .  23 

3 . 70E- 01 

5  79EF01 

2 . eSE  fOO 

6  19E-01 

7 

1  SO 

4 , 78E-01 

4. llEFOl 

2  SdEFOO 

7 . 75E-01 

8 

1  .  75 

5 , 97E-01 

2. 9SEF01 

2  88EF00 

9  38E-01 

9 

2  00 

7  28E  01 

2  iSEFOl 

2  S8EF00 

1  IIEfOC 

10 

2 . 25 

S . 71E  01 

1  3PEF01 

; . S9E  ^  OO 

1  38EFOO 

11 

2  SO 

1  02EF00 

1  lOEFOl 

2. eSEFOO 

1  46EF00 

IZ 

2  .  75 

1 , 27EFOO 

7  COEFOO 

2  29EFOO 

1  64EF00 

13 

3  00 

1  SftFOO 

S  40EF00 

1  e7E  FOO 

1  83Ef00 

14 

3  50 

2 . 24EF00 

2. 95EF00 

1 . 31EF00 

2  21EF00 

15 

4 . 00 

3  07EF00 

1 . 75E  FOO 

9 . 09E  -01 

2  62EF00 

U 

4  .  50 

4 . OSEfOO 

1 .  lOE  F^O 

7  91E-01 

2  82EFOO 

17 

5  .  00 

5 .27EF00 

7. 68E  01 

6  99E-01 

3  OOEfOO 

18 

5  50 

6 . 32EF00 

6  OlE-0! 

6 . 25E -  01 

3 . ISEfOO 

19 

6  00 

7 . 43Ef00 

4. 84E-01 

5 . 64E  -01 

3 . 36EF00 

20 

7  .  00 

9 . 79EF00 

3  36E-01 

4  70E-01 

3  69EF00 

21 

8  00 

1 . 23EF01 

2  50E  -01 

4 . 02E -01 

4 . OlEFOO 

22 

9  00 

1 . 50E+01 

1 . 95E-01 

3 . 50E- 01 

4  31EF00 

23 

10  00 

1 . 77EF01 

1  3BE-01 

3  09E-01 

4  60EF00 

24 

11.00 

2  05EF01 

1  32E  01 

2  76E -01 

4  87EF00 

23 

12  00 

2 . 34E<  01 

1  13E-01 

2.49E-0t 

5  14EF00 

26 

14  00 

2 . 92EF01 

8  67E-02 

2 . 08E -  01 

5  65EF00 

27 

16  00 

3  SlEFOl 

7. 05E  02 

1 . 77E -01 

6 . 09EF00 

28 

18  ,  00 

4  09EF01 

5. 95E-02 

1  54E  01 

6  19EF00 

29 

ZO  .  00 

4 . 66EF01 

5  18E  -02 

1  36E  01 

6  ZOEfOO 

30 

22  00 

5  22EF01 

4  61E-02 

1 . 22E-01 

6 . 29EF00 

31 

24 . 00 

3 . 77EF01 

4. 17E  -02 

1 . lOE-01 

6 . 29EF00 

32 

23 . 00 

6  62EF01 

3. 56E-02 

9  I8E-02 

6 . 37EF00 

33 

32  .  00 

7 . 30EF01 

3. 17E-02 

7 .84E-02 

6  43EF00 

KO' FF  IZ  tENtf  H  OER  AUSCL  E I  CHSFOHir  T  I  0  N  ,  AHORONUNG  5-90-0 


VON  Z 

TA  : 

0  50 
Z  .  30 

5  .  00 

PS  i 
0  87 
2  .  50 
5 . 00 

IS  F  I 
0  ,  50 
Z  .  30 
4  .  00 

Tf  I 
0  ,  50 
4  00 
16,00 


eis  z 

GRAO 

R  SOU 

BO 

81 

82 

2  50 

2 

0  998 

-0  5623 

1  3159 

0  312  5 

1  00 

1 

1  000 

-  0  9309 

2  3556 

32  00 

2 

1  COO 

-  0  9  111 

2.7476 

-0  5881 

2  30 

2 

1  000 

19  129 

-1  3696 

-  1  8390 

5,00 

1 

0  995 

2  6033 

-3.9207 

32.  00 

2 

0  995 

2.2610 

-4 . 1797 

1.1172 

2  50 

4  .  00 

32  .  00 

1 

1 

1 

0  000 

0  999 

0  998 

0 .4594 

1  3691 

0  6682 

0 

-2  2979 
-1  1785 

4  00 

1 

1  000 

-0  3286 

1  2386 

16  00 

1 

0  999 

0  0488 

0.6136 

3  2.00 

1 

0  924 

0  6389 

0  0794 

iwwimmjin 
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frequency  of  500  kc.  Signals  were  recorded  on  Transient  Re¬ 
corders  having  a  frequency  bandpass  O  -  150  kc.  The  data 
was  reduced  with  the  aid  of  a  HP  9830  A  desk  computer. 

Scaled  arrival  time  TA'Q”^'^^,  shock  front  overpressure  PS, 

-1  /3 

scaled  overpressure  impuls  IS^Q  '  and  scaled  positive 
duration  were  obtained  from  more  than  1200  records. 

A  final  report  covers  the  reduced  data  of  the  entire  pro 
gram  (Ref.  4) .  Interested  people  will  find  35  Tables  and  35 
Diagrams  in  the  report  belonging  to  different  charge  orientat 
ions  and  directions  of  blast  propagation  (see  Table  1). 

One  example  is  to  be  seen  in  Tab.  3,  in  order  to  show  the 
arrangement  of  data.  At  33  values  of  the  scaled  distance 
par£uneter  Z  the  scaled  blast  par2uneters  have  been  listed  at 
distances  that  allow  linear  interpolation.  Also  coefficients 
of  least-squares  regression  power  functions  of  blast  data  as 
a  function  of  scaled  distance  have  been  listed.  Blast  data 
can  be  taken  from  the  tables  directly  for  1  kilogram  charges 
but  must  be  multiplied  by  the  cube  root  of  the  charge  mass 
for  all  charges  heavier  or  lighter  than  1  kilogram.  A  proce¬ 
dure  that  is  well  known  to  people  who  handle  TNT  standard 
curves  or  tables.  Remember  that  the  scaling  of  blast  data 
works  correctly  as  long  as  the  basic  assumptions  of  Hopklnson- 
Cranz  scaling  rules  are  fulfilled. 
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3.  Scaling  Laws 


Tests  were  conducted  at  three  different  charge  masses 
of  ROX  at  Identical  charge  geometries  and  Identical  test 
arrangements .  Table  4  may  show  as  an  example  that  Cranz- 
Hopklnson  scaling  proofed  well  throughout  our  test  series. 

Time  of  arrival  data  have  been  listed  for  the  test-arrangement 
1-90-0  (L/D  =  1,  charge  axis  parallel  to  the  ground,  direction 
of  blast  measurement  90*^)  .  Direct  comparison  of  test  results 
can  be  made  at  scaled  distances  between  Z  -  2  and  Z  »  8 . 
Tlme-of-arrlval  measurements  in  milliseconds  differ  by  a 
factor  of  about  4  between  16  gram  and  1  kilogram  charges, 
but  scaled  time-of-arrlval  data  correspond  within  3  per  cent. 


Table  4  Check  of  Scaling  Laws 

Time  of  Shock  Front  Arrival  for  3  Different 
Charge  Masses.  Test  Arrangement  1-90-0 


HBi 

0.016  kg 

0.128  kg 

1.024  kg 

R/q  1/3 

R 

in  m 

^A 
In  ms 

Vg1/3 

R 

in  m 

in  ms 

VqV3 

R 

In  m 

in  ms 

2 

0.5 

0.21 

0.83 

1 

0.42 

0.83 

2 

0.82 

4 

1 

1.03 

4.09 

2 

g 

3.97 

0 

4.10 

8 

2 

3.55 

14,1 

■ 

7.22 

14.3 

8 

14.4 
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Fig.  3.1  shows  just  one  example  of  measured  pressure^ 
time  histories  at  tests  with  different  charge  masses  at 
Identical  scaled  distances.  Time  and  Impulse  scales  are 
scaled  to  1  kilogram.  It  Is  easily  to  be  seen,  that  measure 
ments  are  nearly  Identical. 


PRESSURE-TIME  RECORDS  SCRLED  TO  I  KG-EQU I VRLENT . 
TEST  RRRRNGEMENT  E  -  IBB  -  0 
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4 .  Shock  Front  Contour 


For  a  charge  of  cylindrical  geometry  as  standoff  in¬ 
creases  the  shock  front  becranes  more  spherical.  This  is  shown 
in  Figures  4.1  to  4.3.  Iso  time  of  arrival  lines  that  mark 
the  shock  front  contours  are  shown  for  3  scaled  arrival  times 
TA  0.874',  5.6}  46.6  after  Ignition  time.  Semicircles  mark 
the  shock  front  from  semispherical  charges  at  identical 
arrival  time.  Peak  overpressure  is  identical  along  the  semi¬ 
circles  7  bar  (100  psi);  0.7  bar  (10  psi);  0.07  bar  (1  psi) . 

At  the  same  instant  after  charge  ignition  the  shock  front 
contour  of  the  cylindrical  charge  is  asymmetric  with  largest 
distance  from  the  explosion  center  at  90°,  112,5°  and  180° 
(Fig.  4.1).  The  peak  overpressure  at  the  shock  front  is  far 
from  uniform  for  cylindrical  charges.  It  is  given  in  small 
figures  along  the  contour.  High  peak  overpressure  in  90° 
direction  in  Fig.  4.1  is  due  to  the  side-wave  and  in  180° 
it  is  due  to  the  front  wave.  Highest  peak  overpressure  in 
112,5°  direction  is  produced  by  the  asymmetric  ignition  at 
0°.  In  that  case  the  detonation  gas  has  a  forward  velocity 
component  that  may  cause  the  strongest  shock  not  in  90°  but 
in  a  forward  direction.  The  falling  back  shock  front  and  low 
pressure  at  0°  to  45°  is  produced  by  asymmetric  ignition. 

The  Figures  4.2  and  4.3  show  that  the  shock  front  contour 
becomes  more  spherical.  But  even  in  the  far  field,  where  semi¬ 
spherical  charges  produce  a  peak  overpressure  of  0.07  bar 
(1  psi),  the  cylindrical  charge  produces  peak  overpressures 
from  0.05  to  0.1  bar  at  the  shock  front. 


TA  a"’'’*- 0.874  MS  KG''''^ 

FIS.  4.1 

cylindrical  RDX  charge  L/D  -S  ;  V  -OJ  IGNITION  AT  0°  VARIABLE  SHOCK 
FRONT  OVERPRESSURE  ALONG  THE  ISO  LINE.  SEMICIRCLE!  SHOCK  FRONT  CON¬ 
TOUR  FOR  SEHISPHERICAL  CHARGE  OF  IDENTICAL  MASS,  SCALED  DISTANCE 
1  ‘  1.S,  SHOCK  FRONT  OVERPRESSURE  PS  *7  BAR. 


\  I  / 


Scaled  Olstonc*  2 

SHOCK  FRONT  CONTOUR  -  ISO  TIME  OF  ARRIVAL  LINE 
TA  a*’''’*  5.*  MS  KG’’^^ 

FIG.  4.7 

CYLINDRICAL  RDX  CHARGE  L/D  •  5  ;  V  -O;  IGNITION  AT  0°  VARIABLE  SHOCK 
FRONT  OVERPRESSURE  ALONG  THE  ISO  LINE.  SEMICIRCLE!  SHOCK  FRONT  CON¬ 
TOUR  FOR  SIMI8PHERICAL  CHARGE  OF  IDENTICAL  MASS,  SCALED  DISTANCE 
Z  ■  4.7,  SHOCK  FRONT  OVERPRESSURE  PS  -  0.7  BAR. 
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F16.  4.3 

CYLINDRICAL  RDX  CHARGE  l/D  «  5  ;  V  “O;  IGNITION  AT  0°  VARIABLE  SHOCK 
FRONT  OVERPRESSURE  ALONG  THE  ISO  LINE.  SEMICIRCLE:  SHOCK  FRONT  CON¬ 
TOUR  FOR  SEMISPHERICAL  CHARGE  OF  IDENTICAL  HASS.  SCALED  DISTANCE 
Z  •  20  SHOCK  FRONT  OVERPRESSURE  PS  •  0.07  BAR. 


5.  Blast  Parameters  aa  a  Function  of  Azimuth  Angle 

If  a  hemispherical  charge  resting  on  a  flat  surface  is 
initiated  at  its  center  of  mass  a  shock  wave  will  travel 
through  the  surrounding  air,  its  strength  a  function  of 
radial  standoff  from  the  center  of  the  explosion.  For  a  cy¬ 
lindrical  charge  that  is  initiated  at  one  end  the  shock  wave 
will  not  enter  the  surrounding  air  as  a  spherical  wave,  nor 
at  the  same  time  over  the  entire  charge  surface.  The  shape 
and  strength  of  the  shock  wave  will  depend  upon  the  length 
to  diameter  ratio,  and  upon  the  location  at  which  initiation 
occurred.  The  blast  parameters  will  be  functions  not  only  of 
radial  standoff,  but  also  of  azimuth. 

Figures  5.1  through  5.4  are  plots  comparing  blast  data 
of  cylindrical  charges  to  hemispherical  charges .  Primary  shock 
front  peak  overpressure  and  positive  pressure  impulse  are 
plotted  as  a  function  of  azimuth  angle  H  and  scaled  distance  Z , 
for  cylindrical  charges  having  length  to  diameter  ratios  of 
1  and  5.  Our  final  report  covers  data  from  the  entire  program 
(Lit.  4). 

Results  of  semlspherlcal  charges  are  plotted  as  horizontal 
lines.  Azimuthal  symmetry  is  valid  at  that  case.  Unsymmetrical 
blast  propagation  around  cylindrical  charges  is  identified 
very  clearly  at  this  type  of  dlagraun  that  has  been  used  in 
Ref .  3 . 


Figure  5.2a  summarizes  primary  shock  front  overpressure 
data  in  the  near  field  at  scaled  distances  from  Z  =  1  to 
Z  =  2.5  for  L/D  =  5.  Maximum  peak  overpressure  of  about 
150  bar  at  Z  =  1  was  measured  in  il  -  112.5*^  direction.  Former 
investigators  who  had  measuring  lines  at  90^  and  135^  could 
not  detect  this  effect  of  the  asymmetric  expansion  of  the 
detonation  gases  as  a  consequence  of  ignition  at  C°. 


100 


Minimum  peak  overpressure  at  Z  »  1  occurred  at  H  »  22.5° 
direction  of  about  5.5  bar  as  a  consequence  of  asymmetric 
ignition  and  the  bridge  wave  phenomenon.  Very  high  peak 
overpressure  was  observed  at  Z  *  1  at  H  =  180°  direction  as 
an  effect  of  the  front  wave.  Errors  of  about  a  factor  of 
10  in  peak  overpressure  may  be  induced  in  the  near  field  by 
neglecting  the  charge  shape. 

Most  people  think  that  blast  pareuneters  from  non-spherlcal 
charges  smoothen  continuously  to  spherical  parsuneters  in  the 
far  field.  In  fact  the  peak  overpressure  from  cylinders  with 
L/D  =  5  seems  to  smoothen  at  scaled  distance  Z  =  7  in  figure 
5.2b.  Former  investigator  only  measured  up  to  this  distance. 

But  far  out  can  we  recognize  the  effect  that  at  distances 
from  2  =  10  to  Z  =  20  peak  overpressure  is  very  small  at 
H  =  90°  and  H  =  112.5°  directions  and  high  in  H  =  0°  and 
H  =  180°.  This  type  of  overreaction  corresponds  to  ref].ection 
and  diffraction  phenomena  of  primary  side  waves  and  end 
waves  from  the  cylindrical  explosives.  Pressure-distance  re¬ 
lationships  are  determined  not  only  by  one  shock  front,  but 
by  side-waves , end -waves  and  bridge-waves  that  result  in 
multiple  pressure  peaks .  Some  wave  fronts  tend  to  heal  by 
overtaking  and  merging  with  the  primary  front  while  others 
tend  to  recede.  As  a  result  even  In  the  far  field,  at  Z  =  20, 
errors  of  about  a  factor  of  2  (100  percent)  in  peak  over¬ 
pressure  are  induced  by  neglecting  the  charge  shape. 

Figures  5.1a  and  5.1b  summarize  peak  overpressure  data 
from  cylinders  with  L/D  =  1 .  There  are  some  remarkable  differ¬ 
ences  between  length  to  diameter  ratios  5  and  1 .  All  of  them 
can  be  qualitatively  explained  by  the  different  charge  geo¬ 
metry  and  the  observation  that  high  peak  overpressure  in  a 
certain  direction  tends  to  fall  down  to  very  low  pressure  at 
increasing  distances.  The  rate  of  change  in  peak  overpressure 
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Horizontal  Linos  Indicato  Shock  Front 
Somisphtrical  Chorgos  of  Idontical  Mass 
ilod  Distance. 


Fill.  8.1  h  Primary  Shock  Front  Side -on  Overpreisure 
at  a  Function  of  Azimuth  Angle  H  and  Scaled  Ditto  nee 
Z  «  R'Q'*'’  In  mkg''^’  for  Cylindrical  Chorget  with 
L/DJJatlojoM;  Horizontal  Linet  Indicate  Shock  Front 
Overpretture  of  Somitpherical  Chorget  of  Identical  Mau 
at  the  Same  Scaled  OIttance . 


. . . X..-  >--• 


Fig.  5.2q  Prlmory  Shock  Front  Sid# -on  Overpressur# 
as  a  Function  of  Azimuth  Angl#  H  ond  Scalod  Oistanc# 
2  •  R  Q"*'*  In  rnkg'”’  foi  Cylindrical  Charges  with 
LIO  Rotio  of  6.  Horizontol  Lin#s  Indicat#  Shock  Front 
Ov#rpr#ssur#  of  S#inlsph#rical  Charg#s  of  ld#ntlcol  Mats 
at  th#  Sam#  Scal#d  Oistanc#.  / 


Z  •  R-Q'*'*  In  mkg*''*  for  CylIrKincol  Chorgot  with 

L/^Jatlo_^f_8j  Horizontal  Lino*  Indicate  Shock  Front  j 

Ovorprooouro  of  Somlophoncol  Chargoo  of  Idonticat  Mots  | 

at  thoSamo  Scolod  Olttonco.  | 


0»  48*  M*  I3»*  1iO» 


Fig.  S.3  Si4«-«n  Ovtrprtatur*  -  Impuin  oa  a  Function 

of  Aiimuth  Anglo  H  and  Scolo4  Oiatanco  Z  in  mkg 
for  Cylindrical  Chargoa  will*  i4SLJ8SSJi-2L-li 
Horiiontal  Unoa  Indicato  Impulaoo  of  Somlaphorical  Chorgoa 
of  Idontleol  Maaa  at  tlio  Samo  Sealod  Oiatanco. 
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Ft«.  8.4  Sid* *00  Ov«rprMtur*  >  ImpulM  a*  a  Function 
of  Atimuth  Anfllt  H  and  Scoitd  DIolonco  Z  in  mlid*''* 
tor  Cyllndrlcol  Chongos  with 

Hoilionlol  Unto  Indicato  Impulm  of  Somitphoricol  Chorgot 
of  fdontical  M«m  ot  th«  Som*  Scoitd  Oittonct. 


depends  upon  the  Impulse  that  Is  Included  in  the  first 
pressure  peak  (not  to  be  confused  with  the  total  over¬ 
pressure  Impulse) . 

Figures  5.3  and  5.4  summarize  total  slde-on  overpressure 
Impulse  for  L/D  »  1  and  5.  Multiple  shocks  are  Included.  It 
Is  remarkable  that  at  some  distances  blast  Impulses  at  the 
surface  of  the  ground  show  higher  values  at  any  direction 
around  a  cylindrical  charge  than  around  a  hemispherical 
charge.  Again  this  phenomenon  may  be  explained  by  geometri¬ 
cal  effects,  that  the  cylinder  presents  greater  surface  area 
In  the  direction  of  the  ground  surface  than  the  hemisphere. 
Also  blast  Impulses  that  show  very  high  values  In  a  certain 
direction  In  the  near  field  (e.g.  180^  In  Fig.  5.4)  tend  to 
fall  down  to  rather  low  values  at  greater  distances. 
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6 .  Blast  Pararoetera  versus  Scaled  Distance 

The  diagrams'- figures  6.1  to  6.4-contaln  a  presentation 
of  primary  shock  front  peak  overpressure  versus  scaled  dis¬ 
tance  values  and  positive  pressure  Impulse  versus  scaled 
distance  values  derived  from  our  small  scale  measurements. 
The  values  of  blast  parameters  in  Ref.  4  were  all  scaled  to 
a  kilogram  equivalent  at  standard  sea  level  conditions.  To 
use  the  curves  for  predicting  blast  data  for  other  yields 
at  other  than  standard  sea  level  conditions  standard  scaling 
procedures  should  be  used.  This  type  of  diagram  has  been 
used  in  Ref.  1  and  may  give  the  most  complete  presentation 
of  our  results. 

As  reference  values  results  from  semlspherlcal  charge 
detonations  were  fit  Into  the  diagrams  that  may  make  clear 
the  big  differences  In  peak  overpressure  In  different 
directions  around  elongated  charges.  Klngery  (Ref.  1)  has 
fitted  experimental  peak  overpressure  data  from  hemispherical 
charges.  The  curve  fit  Is  of  the  functional  form 

Pg  =  f  (Z) 

Pg  =  peak  side-on  overpressure 
Z  =  scaled  distance. 

Plooster  (Ref,  5)  has  curve-fit  the  experimental  peak  slde- 
on  overpressure  data  obtained  from  a  test  program  conducted 
at  Denver  Research  Institute  for  cylindrical  charges  in  free 
air.  Much  more  data  are  needed  In  order  to  make  a  curve  fit 
of  the  functional  form 

=  f  (z;  l/d;  h) 

o 

Pfl  •  peak  side-on  overpresure 
Z  s  scaled  distance 

L/D  ■  cylinder  length  to  diameter  ratio 
H  «  azimuth  angle 


Scaled  Olstonce  Z 


Primory  Shock  Front  Ovorprossurt  vs.  Scalod  Olstancs 
for  Cylindrical  RDX  Surface  Bursts  L/D  -  5 


0.02  .  .  . . 

0.1  0.2  0.S  I  2  5  10  20  SO 

Fig.  6.3  Ovorproasur*  -  Impulst  vs.  Scalad  Dlstanct 
for  Cylindrical  ROX  Surfaco  Bursts  L/D  •  1 


Pig.  6.4  Ovtrprttsurs  >  Impulss  vs.  ScQltd  Oistonct 
for  Cylindrical  ROX  Surface  Bursts  L/0  ■  5 


Curve  fitting  of  the  data  presented  in  this  report  has  not 
yet  been  completed.  It  is  more  complicated  than  in  Ref.  5 
as  a  wider  range  of  distances,  peak  overpressures  and  blast 
impulses  was  investigated. 
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ABSTRACT 


This  report  contains  the  results  from  a  series  of  high 
explosive  tests  designed  to  determine  the  alrblast  parameters 
propagating  to  the  front,  side,  and  rear  of  an  earth  covered 
munition  storage  magazine  with  a  low  loading  density.  The  tests 
were  conducted  with  I/30th-scale  donor  models  and  heml-cyllndrlcal 
pentollte  charges  of  0.227,  0.363,  1.066,  1.814,  and  5.040  kg 
masses.  These  charge  masses  simulate  full  size  munition  storage 
magazines  filled  with  6130,  9800,  28780,  48980  and  136080  kg  of 
explosive.  The  48980  kg  full  size  load  was  used  as  the  baseline 
for  comparing  blast  attenuation  or  enhancement  from  a  full  size 
load  of  6130  kg.  There  was  attenuation  of  both  peak  overpressure 
and  Impulse  to  the  side  and  rear  of  the  structure  at  the  lower 
loading  density.  The  Impulse  propagating  to  the  front  of  the 
structure  was  enhanced  while  the  peak  overpressure  showed  no 
significant  effect  of  the  low  loading  density. 
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I .  INTRODUCTION 


A.  Background 

This  study  Is  an  extension  of  earlier  work  sponsored  by  the  Departnent 
of  Defense  Explosives  Safety  Board  (DDESB)  to  determine  the  alrblast 
parameters  propagating  to  the  front,  side,  and  rear  of  a  munition  storage 
magazine  In  event  of  an  accidental  explosion.  In  Reference  1  the  model 
(I/50th-scale)  study  was  based  on  226800  kg,  136100  kg,  and  45400  kg  of 
explosive  stored  In  a  standard  (18.3  metre  length),  steel  single  arch 
magazine . 

Comparisons  of  the  results  from  the  model  tests  with  full  scale  test 
results  were  excellent  and  added  to  the  validity  of  using  scaled  models  to 
simulate  blast  effects  from  full  scale  accidental  explosions. 

There  are  requirements  for  storing.  In  standard  magazines,  net 
explosive  quantities,  smaller  than  those  tested  In  Reference  1.  The  earth 
cover  suppresses  the  blast  to  the  side  and  rear  of  the  magazine  In  the  near 
field  but  there  Is  no  suppression  effect  at  the  explosive  work  shop 
distance*  and  beyond  for  a  Q  of  45400  kilograms.  It  Is  surmised  that  there 
will  be  some  suppressive  effect  at  the  greater  distances,  (>  7.14  Q^''^m) 
for  smaller  quantities  stored  In  this  magazine.  If  true  It  would  permit 
siting  of  operating  buildings  and  other  controlled  facilities  closer  to  the 
above  ground  storage  magazines. 

B .  Objectives 

The  objective  of  this  series  of  tests  Is  to  obtain  from  scale-model 
experiments  data  on  the  suppression  of  blast  propagation  from  stored 
quantities  of  munition  In  the  range  from  45400  kg  (100090  Ibm)  down  to 
approximately  4540  kg  (10009  Ibm) . 

This  should  provide  a  basis  for  establishing  the  quantity-distances  to 
certain  exposures  from  Igloos  containing  small  quantities  of  explosives. 

The  distances  of  Interest  range  from  the  safe  separation  distance  0.5Q^'^  m 
(1.25  w*'^  ft)  out  to  16Q^'’  m  (40  w^'^  ft)  where  Q  is  In  kilograms  and 
distance  Is  metres,  and  w  is  In  pounds  mass  and  distance  Is  In  feet. 

A  second  objective  was  added  to  the  program  after  the  first  series  of 
t.<!8ts  were  completed.  Because  the  overlap  of  data  from  the  l/50th-scale  model 
results  simulating  45400  kg  full  scale  and  the  l/30th-8cale  model  simulating 
45400  kg  full  scale  were  not  within  an  acceptable  error  band  it  was  proposed 
to  fire  a  5 .04  kg  charge  In  the  l/30th-scale  donor  model  to  check  the  full 
scale  magazine  loaded  with  136080  kg  (300,000  Ibm)  as  reported  in  Reference  1. 


C.  Klngery,  G.  Coulter,  and  T.  Watson,  "Blast  Parameters  from 
ExploAons  In  Model  Earth  Covered  Magazines,"  BRL-^R-2680,  Sept  1976. 

*  The  explosive  work  shop  distance  Is  defined  as  d^  ■  7.14  m/kg~'^,  scaled 
to  the  cube  root  of  the  mass  Q(kg)  of  explosive:  D^  >  d^  x 
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TEST  PROCEDURE 

Tha  taat  proceduraa  followad  to  tMat  th«  objactlve  ware  to  (1)  design  the 
scale  model,  (2)  design  the  explosive  source,  and  (3)  establish  the 
Instrumentation  and  blast  lines. 

A.  Design  of  Magaalne  Madel 

The  standard  munitions  storage  magaalne  being  modeled  for  this  series  of 
tests  Is  shotm  In  Figure  1.  The  overall  width  Including  the  earth  cover  Is 
27.43  metres  (90  feet)  and  the  length  Is  28^96  metres  (95  feet).  The  total 
volume  of  earth  cover  Is  1665  m^  (58,812  ft^).  The  volume  of  the  Interior  of 
the  magaslne  Is  496  m^  (17,500  ft'). 

The  model  scale  In  Reference  1  ms  l/50th  and  was  sufficient  for  the 
simulation  of  large  quantities  of  explosives.  In  order  to  simulate  smaller 
quantities  of  explosives  and  work  with  similar  slse  scaled  charges  a  decision 
was  made  to  use  l/30th-scale  donor  models.  All  linear  dimensions  were  scaled 
dotm  by  a  factor  of  30.  The  scaled  down  model,  with  dimensions,  is  presented 
in  Figure  2.  The  total  volume  of  modeling  gand  is  0.0617  m^  (2.178  ft^)  and 
the  Interior  volume  of  the  model  is  0.018  m^  (0.648  ft^) .  A  photograph  of  the 
interior  portion  of  the  model  without  the  sand  cover  is  shown  in  Figure  3. 

The  model  arch  Is  aluminum  rather  than  steel  as  used  In  the  full-slse 
magazines.  Scaled  steel  doors  were  attached  to  the  masonite  headwall  to  more 
nearly  simulate  the  suppression  of  blast  associated  with  the  closed  doors . 

The  donor  magazine  model  with  the  steel  doors  and  modeling  sand  cover  Is 
shown  in  Figure  4. 

B .  Test  Charges 

The  test  charges  used  as  the  explosive  source  were  cast  Pentollte  (50 
PETN/50  TNT) .  The  mass  of  the  charges  are  usually  based  on  the  quantity  to  be 
stored  In  the  full  size  magazine.  For  this  series  of  tests  the  three  molds 
—  for  the  hemi-cylinderlcal  charges  used  in  the  tests  reported  In  Reference  1 
were  still  available  and  therefore  a  l/30th-8cale  was  selected  to  meet  the 
raftge  of  explosive  quantities  of  Interest.  TWo  additional  molds  were  designed 
and  manufactured,  one  to  cover  the  low  end  of  the  desired  range,  and  one  for 
the  additional  high  range  shot. 

.The  range  of  scaled  charge  weights  tested  were  0.227  kg,  0.363  kg,  1.066 
kg,  1.814  kg  and  4.99  kg  (0.5,  0.8,  2.4,  4.0  and  11.0  Ibm).  When  these  masses 
are  scaled  up  be  30'  (27,000)  then  the  full  scale  simulation  Is  6130  kg,  9800 
kg%  '28780  kg,  48980  kg,  and  134730  kg  (13,510,  21,605,  64,750,  107,980,  and 
297,000  Ibm).  These  charges  cover  a  range  from  134730  kg  down  to  6130  kg 
which  is  very  close  to  the  original  request  for  a  range  of  136080  kg  down  to 
4536  kg. 

The  test  charge  was  always  placed  with  the  flat  side  down  and  with  the 
center  of  flat  side  at  the  geometric  center  of.  the  magazine  floor.  The  point 
of  Initiation  was  on  the  end  toward  the  doors  or  along  the  zero  degree  blast 
line.  The  ratio  of  the  mass  of  the  model  charge  to  the  interior  volume  of  the 
model  warn  the  same  as  the  mass  of  the  explosive  in  the  storage  magazine  to  the 
interior  voluise  of  the  storage  magaslne. 
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Figure  2.  l/30th-scale  munition  storage  magazine  model. 


C.  'Tiiit  Ip«tru— nf  elon 


Tha  InatruBantatlon  for  thla  taat  aarlaa  eonslated  of  prassura 
tranadueara,  ■atnatle  tapa  raeordar /playback,  and  a  data  reduction  syataa.  A 
block  dlagraa  la  ahoim  In  Flgura  5. 

1.  Praaaura  Tranadueara*  Piaio-^lactric  praaaura  tranaducara  «ara  uaad 
for  thla  aarlaa  ot  taata/  ika  PCb  Blaetronlca  Inc.,  aodala  113A22,  113A24, 
and  113A29,  with  guarta  aanaint  alaaaata  and  built-in  aourca  followara  vara 
uaad  astanalvaly. 

2.  Tana  kacordar  Syat^.  lha  tapa  racordar  conalatad  of  thraa  baalc 
unlta,  tha  powar  aupply  anji  voltaga  calibrator,  tha  aapllflara,  and  tha  FN 
racordar.  Tha  FN  tapa  racordar  waa  a  Honaywall  7600  having  a  fraquancy 
raaponaa  of  80  kRi.  Onca  tha  algnal  waa  raeordad  on  tha  aagnatlc  tapa  It  wna 
playad  back  and  raeordad  on  a  Honaywall  Vialeordar.  Ihla  oaclllograph  haa  S 
kBa  fraquaney  raaponaa  and  tha  ovarpraaaura  varaua  tlna  raeordad  at  tha 
Individual  atatlons  can  ba  raad  diraetly  fron  tha  playback  raeorda  for 
pralinlnary  data  analyaia. 

3.  Data  Raduction  8yataa.  For  tha  final  data  output,  tha  tapa  algnala 
wara  procaaaad  throu^  an  analog-tc  digital  eonvartar,  to  a  digital  raeordar- 
raproducar,  and  than  to  a  eoaqputar.  Tha  eonputar  (IBKTHONX  4051)  waa 
progrannad  to  apply  tha  calibration  valuaa  and  praaant  tha  data  in  tha  propar 
unita  for  analyaia.  Fron  tha  coaputar,  tha  data  la  put  on  a  digital  tapa  fron 
which  tha  final  fora  can  ba  plottad  or  tabulated.  Tha  digital  tapa  can  ba 
alao  atorad  for  future  analyaia. 

D.  Taat  layout 

Tha  objactiva  of  thin  progran  waa  to  doeuaant  tha  blaat  propagation  fron  a 
acalad  aunltlon  aagaaina  nodal  aaauning  an  accidental  explosion  of  a  apaclfic 
aanunt  of  axploaiva.  Thla  required  thraa  linaa  Instrunantad  with  praaaura 
tranaducara.  One  to  tha  front  of  tha  wagasina,  daaignatad  tha  0-dagraa  blaat 
line.  One  to  tha  aide  of  the  aagaaina,  daaignatad  tha  90-dagraa  blast  linn, 
and  ona  to  the  rear  of  tha  nagaslna  daaignatad  tha  180-dagraa  blaat  line.  Tha 
field  teat  layout  ia  shown  in  Figure  6. 

1.  Donor  Chargaa  in  Msgaaina.  Nhen  tha  testa  are  conducted  with  tha 
donor  charge  in  the  aagailna  nodal  there  are  apacifle  dlatancaa  that  should  ba 
docunantad  along  tha  blaat  line.  Tha  first  of  those  is  tha  "aafa  separation ** 
distance.  This  is  defined  as  tha  required  aaparatlon  of  nunitlon  storage 
nagasines.  It  is  a  function  of  the  quantity  of  explosive  to  ba  atorad  and 
relative  locations  of  the  nagasines.  Tha  safe  aaparatlon  distance  to  tha 
front  and  rear  of  tha  donor  nagaslna,  tha  0-dagraa  and  180-dagrsa  blaat  line, 
is  defined  as 


y*' 


Instrumentation  block  diagram. 


Figure  6.  Test  field  layout. 


®SP  0-180  ■ 

lb  the  aide  of  the  nagaalae  (the  90-degree  bleat  line)  the  aeperation  diatancc 
la  defined  aa 

®SF  90  •  “• 

Ihe  aafe  aeparatlon  dlatance  la  aeaaured  from  the  Interior  valla  of  the 
aagaalne.  The  preaaure  transducer  atatlon  dlatancea  are  measured  from  the 
geometric  center  of  the  floor  of  the  magealne.  An  adjusted  distance  of 
0.305  m  »as  added  to  the  0-degree  and  180-degree  line  aafe  separation  distance 
fur  the  first  station  and  0.132  m  was  added  to  the  90-degree  line  safe 
separation  distance  for  the  location  of  the  first  station.  That  Is 

Ogp  Q/130  +  0.305  -  0.80^'^^  +  0.305 

Dgp  90  +  0-^137  -  O.SQ^''^  +  0.137 

Table  1  shows  the  location  of  the  first  atatlon  on  each  blast  line  for  the 
five  charge  weights. 


TABLE  1.  LOCATION  OF  FIRST  STATIONS 


Q 

q1/3 

0  and  180 
.80*'^  +  .305 

.5q‘« 

m 

m 

m 

m 

.227 

.610 

.488 

.793 

0.305 

0.437 

.363 

.713 

.570 

.875 

0.357 

0.487 

1.089 

1.029 

.823 

1.128 

0.514 

0.646 

1.814 

1.220 

.976 

1.281 

0.610 

0.742 

4.990 

1.709 

1.367 

1.672 

0.855 

0.987 

The  station  locations  for  the  five  charge  weights  and  the  three  blast 
lines  are  listed  In  Table  2.  The  distances  range  from  0.57  m  to  21.3  m  with 
many  station  distances  repeated  for  the  different  charge  masses  in  order  to 
keep  movement  of  gage  stations  to  a  minimum  and  thereby  keep  the  turn  around 
time  per  test  as  short  as  possible.  Station  90-1  was  placed  no  closer  than 
0.57  m  because  the  sand  cover,  the  masonite  base,  and  the  gage  mount  would  not 
allow  the  measurement  to  be  made  closer. 

2.  Donor  Charge  Unconflned.  To  meet  the  objectives  of  the  test  and 
determine  the  suppressive  effect  of  the  earth  cover  one  must  establish  a  base 
for  comparison.  Therefore  the  blast  parameters  along  the  0,  90,  and  180- 
degree  blast  lines  were  determined  for  four  charge  masses  without  the  magazine 
In  place,  le,  charge  unconflned.  The  5.0  kg  charge  was  not  tested  unconflned. 

E.  Tbst  Mitrlx 

The  series  was  designed  to  conduct  the  minimum  number  of  tests  to  meet  the 
objective.  Tests  were  conducted  both  with  the  charges  covered,  le.  In  the 


(3) 

(4) 
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Station 

Distance 

Distance 

Distance 

Distance 

Distance 

B 

a 

a 

a 

a 

0-1 

1.68 

1.27 

1.12 

0.87 

0.79 

0-2 

2.29 

1.68 

1.27 

1.27 

1.27 

0-3 

3.20 

2.29 

1.68 

1.68 

1.68 

0-4 

4.27 

3.20 

2.29 

2.29 

2.29 

0-5 

6.00 

4.27 

3.20 

3.20 

3.20 

0-6 

8.40 

9.14 

6.10 

6.10 

4.27 

0-7 

14.00 

12.80 

10.67 

10.67 

6.10 

0-8 

21.00 

21.34 

18.29 

18.29 

10.67 

90-1 

0.99 

0.74 

0.64 

0.61* 

0.57* 

90-2 

1.50 

1.12 

1.12 

1.12 

1.14 

90-3 

2.00 

1.27 

1.27 

1.27 

1.68 

90-4 

3.20 

1.68 

1.68 

1.68 

2.30 

90-5 

4.50 

2.29 

2.29 

2.29 

.  3.35 

90-6 

6.00 

3.20 

5.03 

5.03 

5.03 

90-7 

8.00 

6.71 

6.10 

6.80 

6.80 

90-8 

12.50 

12.80 

12.80 

12.80 

9.14 

90-9 

21.00 

21.34 

18.29 

18.29 

12.80 

180-1 

1.68 

1.27 

1.12 

0.87 

0.79 

180-2 

2.29 

1.68 

1.27 

1.27 

1.27 

180-3 

3.20 

2.29 

1.68 

1.67 

1.68 

180-4 

4.27 

3.20 

2.29 

2.29 

2.29 

180-5 

6.00 

4.27 

3.20 

3.20 

3.20 

180-6 

8.40 

6.10 

6.10 

6.10 

4.27 

180-7 

14.00 

12.80 

10.67 

10.67 

6.10 

180-8 

21.00 

21.34 

18.29 

18.29 

10.67 

*Statlofi  Ml*  as  cloae  as  the  sand  covered  slope  would  allow 


nagailne,  and  uncovered  to  establish  any  suppressive  effect  at  the  lower 
stored  quantities  of  aunltlons.  The  nuaber  of  tests  and  conditions  planned 
are  listed  in  Table  3. 


TABLE  3.  PLANNED  TEST  MATRIX 


Cliarge 

Mass 

kg 

Charge 

In-Magazlne 

Tests 

Charge 

Unconflned 

Tests 

.227 

2 

1 

.363 

2 

1 

1.089 

2 

1 

1.814 

2 

1 

5.040 

2 

0 

If  large  variations  were  found  In  the  results  from  the  two  ’’In-magazlne 
tests"  then  a  third  test  would  be  conducted «  Likewise  if  the  uncovered  shots 
do  not  follow  the  trend  established  In  Reference  1,  then  a  repeat  test  would 
be  conducted. 


Ill .  RESULTS 

The  results  trill  be  presented  In  the  form  of  tables  and  graphs.  Each 
blast  line  will  be  treated  separately  for  the  various  charge  masses  In  order 
to  show  any  suppressive  effect  the  earth  cover  might  have  at  the  lower  loading 
densities . 

The  program  was  modified  during  the  field  test  phase  because  the  overlap 
expected  at  the  4S360  kg  charge  mass  between  the  I/SOth~scale  (Reference  1) 
and  the  l/30th-scale  results  did  not  occur  at  the  safe  separation  distance.  A 
test  series  to  Include  the  simulation  of  a  full-scale  136,080  kg  In  a  standard 
magazine  was  added  to  further  check  the  1/50  and  1/30  scaled  model  results. 

There  Is  also  some  concern  In  the  comparison  of  the  suppressive  effect  of 
the  earth  cover  when  using  a  henlcyllndrlcal  charge  as  the  donor  because  of 
the  second  shock  pulse  that  develops  at  the  greater  distances  when  detonated 
In  an  uncovered  environment.  That  Number  7  was  added  In  which  a  hemispherical 
charge  of  1 .128  kg  was  tested  In  the  l/30th-scalcd  magazine  model  of  a 
standard  munition  storage  magazine.  The  results  of  this  test  will  be  compared 
with  the  In-magazlne  hemlcyllndrlcal  charge  tests.  -They  may  also  be  cosqiared 
with  the  standard  hemispherical  surface  burst  data.'  The  tests  as  conducted 
are  listed  In  Tbble  A. 


^  C.N.  Rlngery,  "Air  Blast  Parameters  versus  Distance  for  Readspherlcal 
TNT  Surface  Burst,"  BRL  R  1344,  September  1960. 
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TABLE  4.  TEST  M4TRIX  AS  CONDUCTED 


Test  No. 

Charge  Mass,  kg 

Charge  Environment 

1 

1.814 

In  magazine 

2 

1.814 

In  magazine 

3 

1.814 

free-fleld 

4 

1.070 

In  magazine 

5 

1 .066 

In  magazine 

6 

1 .066  , 

In  magazine 

7* 

1.128 

In  magazine 

8 

1.066 

free-fleld 

9 

0.363 

In  magazine 

10 

0.363 

In  magazine 

11 

0.363 

free-fleld 

12 

0.227 

In  magazine 

13 

0.227 

In  magazine 

14 

0.227 

In  magazine 

15 

0.227 

free-fleld 

16 

4.99 

In  magazine 

17 

4.99 

In  magazine 

hemisphere 


A.  Blast  Parameters  Along  the  O-Oegree  Blast  Line. 


Ihe  0-degree  blast  line  extends  to  the  front  of  the  magazine.  The  results 
from  Reference  1  Indicate  an  enhancement  of  the  blast  parameters  because  of 
the  focusing  effect  of  the  three  earth  barriers  and  the  weakness  of  the 
headwall  and  door.  As  listed  In  Table  4  either  two  or  three  tests  were 
conducted  for  the  covered  conditions  therefore  an  average  value  Is  listed  In 
the  data  tables.  Only  one  test  was  conducted  for  the  unconflned  charges.  The 
5.0  kg  charge  was  not  fired  unconflned.  The  blast  parameters  for  all  blast 
lines  and  charge  masses  are  listed  In  Table  5  through  14 . 


0-1 

through  0-8  for  the  unconflned  tests  are  listed  In  Tables  6,  8,  10,  and  12. 
The  values  are  plotted  In  Figure  7.  Where  double  peaks  were  recorded  along 
the  blast  line  only  the  maximum  values  are  plotted.  There  Is  excellent 
agreement  between  the  various  charge  masses  when  scaled  to  1  kg  mass .  The 
results  follow  the  same  trend  as  established  In  Reference  1. 

The  peak  overpressure  versus  scaled  distance  along  the  0-degree  blast 
line  for  the  five  charge  masses,  tested  In  magaslne,  are  plotted  In  Figure 
8.  The  results  Indicate  a  smooth  pressure  decay  with  distance  over  the 
full  range  of  measurements.  It  was  unexpected  that  the  5.0  kg  tests  would 
produc^y^ressure  values  lower  than  average  at  scaled  distances  greater  than 


1.  Peak  Overpressure  versus  Scaled  Distance,  0-Degree  Blast  Line.  The 
average  pealc  overpressures  versus  scaled  <ilstances  recorde(i  at  Stations 
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As  noted  In  Reference  1  the  peek  overpressures  ncasured  from  the  la-> 
oegeslne  charges  are  higher  than  recorded  for  the  uncovered  charges  but 
only  out  to  a  scaled  distance  of  6.5  m/kg^'^.  In  this  region  there  Is  a 
cross-over  and  the  uncovered  charges  produce  higher  values  at  the  greater 
distances.  This  cross-over  of  peak  overpressure  is  caused  by  a  second  peak 
wave'  which  develops  from  a  "bridge  wave"  as  described  In  Reference  3 . 

There  Is  no  suppressive  effect  noted  along  the  0-degree  blast  line  for  the 
ln-«agaslne  lower  loading  density.  The  in-uagaslue  peak  overpressure 
values  are  approximately  25  percent  than  the  uncovered  values  at 

sealed  distances  greater  than  8  m/kg^'^. 

2.  Scaled  Overpressure  Impulse  versus  Scaled  Distance.  0-Degree  Blast 
Line.  T^e  scaled  overpressure  Impulse  versus  scaled  distance  recorded  at 
Stations  0-1  through  0-8  for  the  four  unconflned  charge  masses  are  plotted 
In  Figure  9.  There  Is  excellent  correlation  and  with  all  values  scaled  to 
1  kg  there  Is  no  apparent  mass  effect.  The  scaled  values  for  the  five 
charge  masses  tested  In-magazlne  are  plotted  In  Flgutu:  10.  A  phenomenon 
similar  to  that  noted  on  the  peak  overpressure  curves  ure  noted  on  the 
scaled  Impulse  curves .  That  Is ,  the  overpressure  Impulse  recorded  for  the 
In-magazlne  tests  are  higher  than  those  recorded  on  unconflned  tests 
out  to  a  distance  of  approximately  5  m/kg^''  where  there  Is  a  erose-ovetr 
Beyond  this  range  the  free-fleld  values  of  Impulse  are  larger  than  the  lu- 
magazlne  values.  At  distances  greater  than  >  m/kg^* ^  the  In-magazlne 
values  of  scaled  Impulse  are  approximately  25  percent  lower  than  the 
unconflned  values .  The  scaled  Impulse  recorded  from  the  larger  charges 
tested  In-magazine  show  greater  attenuation  at  distances  greater  than  1 .5 
m/kg^'^  than  do  the  smaller  charges.  This  Is  the  reverse  uf  what  ndLght  be 
be  expected  from  lower  density  loading.  It  Is  surmised  that  for  the  larger 
charge  masses  the  earth  barriers  have  less  effect  on  the  focusing  along  the 
0-dAgree  blast  line.  As  can  be  seen  In  Figure  10  the  scaled  values  from 
the  0.227  kg  charge  are  in  general  higher  than  the  scaled  values  from  the 
5.0  kg  charges. 


B.  Blast  Parameters  alcng  the  90-Degree  Blast  Line 

The  90-degree  blast  line  extends  to  the  side  of  the  magazine.  The  gage 
station  locations  run  from  90-1  to  90-9.  The  distances  are  listed  In  TVble 
2.  The  results  are  Hated  In  Tables  5  through  14  fot  the  five  charge 
nmsses  In-nsagazlne  and  the  four  charge  masses  unconflned.  The  val’.'ea  of 
peak  overpressure  from  thw  tables  are  plotted  versus  scaled  distance  in 
Figures  11  and  12.  The  values  of  scaled  overpressure  Impulse  versus  scaled 
distance  are  plotted  In  Figures  13  and  14. 


1.  Peak  Overpressure  versus  Scaled  Distance,  90-Degree  Blast  Lins. 

The  values  of  peak  overpressure  versus  scaled  distance  along  the  ^0-degree 
blast  line  for  the  unconflned  tests  are  plotted  in  Figure  11  and  show 
excellent  correlation  of  data  when  scaled  to  1  kg.  ^ There  Is  soma  scatter 
of  data  points  at  scaled  distances  less  than  1  m/kg^'^.  The  results  follow 
the  same  trend  as  established  in  Reference  1. 


R.E.  Relsler,  L.  Glgllo-Tos,  and  G.D.  Teel,  "Air  Blast  Parameters  from 
Pentollte  Cylinders  Detonated  on  the  Ground."  BRL  Ml  2472,  April  1975. 
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SCALED  OVERPI^ESSURE  IMPULSE  (ItFb-ins/kg 
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Figure  12.  Peak  overpressure  versus  scaled  distance  along  the  90-degree 
blast  line,  charges  in  magazine. 
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Ihs  ▼alu«ii  of  poak  ovarpraaaura  varaua  acalad  diitanea  aloos  tha  90~ 
dagraa  blast  Itoa  for  tha  flva  ehargo  aasaaa  taatad  in  tha  witasiaa  ara 
plottad  in  rigura  IZ.  lhara  la  a  vary  largo  loading  dans Ity  offset  on  tha 
pask  oyarprassura  fron  a  f^l^d  distanca  of  0*6  n/kg^'^  out  to  6*0 
n/kg^'^*  Bayond  6*0  n/kg^'^  tha  supprassion  offset  of  tha  various  loading 
dansltias  baeonss  lass  avidant.  A  dlseussion  of  tha  offset  of  low  loading 
on  tha  paak  ovarprassura  varaua  distanea  will  ba  givsn  latar  in  this 
report  * 

2.  Scslad  Ovarprassura  Iw»ulsa  vsrsus  Sealad  Distanea,  90-Daaraa  Blast 
Idna*  Tha  valuas  of  sealad  iai^isa  vsrsus  sealad  distanea  raeormd  along 
tkia  90*^agraa  blast  lina  for  tha  four  eharga  aassas,  uneonfinad,  ara 
plottad  in  Figure  13*  Tha  valuas  astsblish  a  good  trend  and  follow  that 
raportad  in  Rafaranea  1.  The  charge  aassas  range  over  a  factor  of  8,  but 
using  cube  root  sealing  tha  sealad  values  show  vary  little  seattar* 


1 


Tha  values  of  sealad  iatpulsa  along  tha  90-dagraa  blast  lina  for  tha  In- 
■agasina  tests  ara  plottad  in  Figure  14*  Althopgh  tha  paak  ovarprassura 
valuas  plottad  in  Figure  12  show  a  greater  supprassion  at  the  lower  loading 
dansltias  (0*363  and  0*227  kg  charges)  this  is  not  evldaut  in  tha  ecsled 
ovarprassura  inpulsa  varsus  sealad  distanca  presented  in  Figure  14.  The 
paak  ovarprassuras  ware  lower  but  because  there  were  double  peeks  this 
apparently  added  to  tha  inpulsa  asking  only  sowll  differences  In  the  scaled 
inpulsa*  Tha  second  pask  is  an  interior  reflection  fron  the  negasine''s 
arch* 


When  conparing  the  values  of  acalad  inpulse  recorded  fron  the  in-~ 
nagsslne  and  uncovered  charges  there  is  suppression  evident  over  the 
conplate  range  of  distances .  Fron  a  scaled  distance  of  2  m/kg^' ^  out  to  20 
a/kg^'^  the  average  attenuation  of  the  In-nagasine  values  is  25  percent  of 
the  unconfined  values.  The  scaled  Inpulse  values  do  not  nerge  into  one 
curve  at  the  greater  distances  as  the  peak  overpressure  values  did  along 
the  90-degree  blast  line* 

In  Figure  14  it  can  be  seen  that  the  suppression  of  the  positive 
inpulse  along  the  90‘-degree  blast  line  is  a  function  of  loading  density . 

The  magnitude  of  this  effect  will  be  discussed  later  in  this  report . 

C.  Blast  Parasieters  along  the  180-Degree  Blast  Line 

The  180-degree  blast  line  extends  to  the  rear  of  the  magaeine.  This  la 
away  from  the  door  and  the  point  of  initiation  of  the  charge.  The  gage 
locations  for  stations  180-1  through  180-8  are  listed  In  Table  2  while  the 
peak  overpressure  and  Impulse  values  are  listed  In  Tables  5  through  14. 

1.  Peak  Overpressure  versus  Scaled  Dlstwce,  180-Degree  Blast  Line. 

The  values  of  peak  overpressure  versus  scaled  distance  along  the  180-degree 
blast  line  for  the  unconflned  tests  are  plotted  In  Figure  IS.  Here  the 
effect  of  the  configuration  of  the  charge  and  point  .of  detonation  can 
clearly  be  seen.  The  station  from  1.0  to  3.0  m/kg^'^  record  higher  peak 
overpressure  along  the  180-degree  blast  line  than  along  the  0-degree  blast 
line*  This  Is  because  detonation  point  Is  at  0-degree  blast  line  end  of 
the  c^rge.  A  msjor  curve  Inflection  Is  noted  at  a  scaled  distance  of  4.5 
m/kg^'^  where  a  second  shock  develops  and  becomes  Increasingly  greater  In 
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Mgnltud«  than  tha  Initial  shock  aa  tha  diatanca  ineraaaaa.  A  aacond  ahock 
doas  not  davalop  whan  tha  charga  la  taatad  in  tha  atoraga  aagaaina. 

lha  valuaa  of  paak  ovarpraaaura  raeordad  froa  tha  ln'*«agaalna  taata  ara 
plottad  varaua  acalad  diatanca  in  Figura  16.  Hara  wa  aaa  a  trand  aiadlar 
to  that  notad  on  tha  90>dagraa  blast  llna.  lha  two  aaall  charga  Maaaaa 
ahow  soaa  blast  attanuation  ovar  tha  total  ranga  bacausa  of  a  loading 
density  offset,  lha  aagnituda  of  tha  loading  danaity  offset  will  ba' 
discuaaad  latar. 

Whan  coiaparing  tha  in-auigaalna  taata  (Figura  16)  with  tha  unconfinad 
tost  (Figura  15)  It  la  quite  avidant  that  there  is  blast  attanuation  ovar 
tha  eoaplata  ranga  of  ■aasuraaants . 

2 .  Scaled  lapulaa  varaua  Scaled  Piatanca.  160-Dagraa  Blast  Lina,  lha 
acalad  Impulse  values  raeordad  for  tha  unconflned  ciMrgaa  ara  listed  in 
Tables  6,  8,  10,  and  12  and  plottad  in  Fimra  17.  lha  change  In  the  slope 
of  the  curve  at  scaled  diatanca  of  3m/kg^''  In  caused  by  the  Increase  In 
Impulse  which  In  turn  la  caused  by  the  second  shock  notad  In  Figura  15. 

Ihe  scaled  impulse  values  for  all  four  charge  masses  follow  tha  sane  trend. 

The  values  of  a  scaled  overpressure  Impulse  along  the  180~degree  blast 
line  for  the  In-magaslne  teats  are  listed  In  liable  5,  7,  9,  ll,  and  14. 

Iheae  values  are  plotted  In  Figura  18.  Thera  appears  to  be  soma 

suppressive  effect  on  scaled  Impulse  along  tha  180-dagraa  which  is  a 
function  of  loading  density.  The  1.814  kg  values  ara  -  10  percent  less 

than  the  5 .04  kg  values  while  the  1 .066  kg  values  are  *  10  percent  less 

than  the  1.814  kg  values.  The  0.363  and  0.227  kg  values  are  “  10  percent 
less  tliHii  the  1 .066  kg  values  of  scaled  Impulse .  These  suppressions  of 
Impulse  are  not  great  but  they  do  appear  conslstant  and  valid. 

The  attenuation  of  scaled  Impulse  because  of  confinement  Is  50  percent 
or  greater  along  the  180>degree  blast  line.  The  attenuation  of  scaled 
Impulse  because  of  loading  density  Is  quite  evident  In  Figure  18  and  will 
be  discussed  In  the  following  section. 

D.  Blast  Attenuation  as  a  Function  of  Loading  Density 

The  preceedlng  sections  have  pointed  out  the  enhancement  or  attenuation 
of  the  blast  waves  as  a  function  of  a  confined  charge  (ln*'WgaBlne) 
relative  to  an  unconflned  charge.  The  following  discussion  will  include 
the  attenuation  of  the  blast  wave  as  a  function  of  explosive  loading 
density  within  the  storage  magazine  model.  The  1.814  kg  charge  which 
simulates  a  48980  kg  (107760  Ibm)  will  be  used  as  the  baseline  for 
comparison.  The  0.227  kg  charge  will  be  used  to  determine  the  attenuation 
at  selected  distances.  The  four  .distances  of  primary  interest  are  (1)  the 
cafe  separation  distance  (0.8  m  for  0  and  180-degree  blast  line  and 
0.5  m  for  the  90-degree  blast  line),  (2)  the  unbarriuded  Intrallne 
distance  7.2  m,  (3)  Che  pub^c  traffic  routes  9.6  m,  and  (4) 
Inhabited  building  distance  16  a.  The  attenuation  or  enhancement  of 

peak  overpressure  will  be  treated  In  two  ways.  First  Che  difference  In 
peak  overpressun^  at  the  selected  distances  and  second  the  difference  In 


150 


PEAK  OVERPRESSURE  (IcPo) 


Figure  16.  Peak  overpressure  versus  scalec'  distance  along  the 
180-degree  blast  line,  charges  in  magazine. 


SCALED  OVERPRESSURE  IMPULSE 


scaled  distance  for  the  peak  overpressure  associated  with  the  baseline 
curve.  From  the  second  method  the  equivalent  mass  factor  will  be 
determined . 

The  effect  of  loading  density  on  the  overpressure  Impulse  will  also  be 
determined.  Ihls  method  will  also  be  based  on  the  equivalent  mass 
factor.  A  ratio  of  the  scale  Impulse/sealed  distance  for  the  baseline  plot 
(1.814  kg  scaled  to  1  kg)  will  be  computed  and  the  scaled  Impulse  versus 
scaled  distance  curve  for  0.227  kg  will  be  searched  to  determine  an  equal 
ratio*  From  this  ratio  the  sealed  distance  will  be  determined  and  used  to 
calculate  the  equivalent  mass  factor. 

1.  Loading  Density  Effects  on  Peak  Overpressure.  Due  effects  of 
loading  density  on  peak  overpressure  Is  presented  In  Table  15  for  four 
selected  distances  slong  three  blast  lines.  Ihe  percentage  difference 
listed  In  column  six  Is  the  difference  In  the  low  loading  density  (0.227 
kg)  relative  to  the  medium  loading  density  (1.814  kg). 

There  Is  little  or  no  loading  density  effect  on  peak  overpressure  along 
the  0-degree  blast  line.  An  average  of  the  percentage  differences  noted  in 
column  six  would  fall  within  a  relative  difference  band  of  percent . 

Along  Che  90-degree  blast  line  the  major  attenuation  Is  at  the  safe- 
separation  distance  where  It  Is  79.4  percent.  The  other  three  selected 
distances  indicate  an  average  of  14.6  percent  attenuation  of  peak 
overpressure . 

The  attenuation  of  peak  overpressure  along  the  180-degree  blast  line  Is 
also  greatest  at  the  safe  separation  distance  (44  percent)  while  the 
average  attenuation  at  the  other  three  distances  Is  19  percent • 


expressed  In  equivalent  yield  or  an  equivalent  mass  factor  (BMF).  That  is, 
the  explosive  yield  of  the  attenuated  pressure-distance  curve  relative  to 
Che  baseline  curve.  The  equivalent  mass  factors  (EMF)  are  listed  In  column 
six  of  Table  16  for  the  three  blast  lines. 

The  EHF  determined  along  the  0-degree  blast  line  follows  the  same  trend 
as  the  peak  overpressure  differences.  Some  are  less  than  1.0  and  some 
greater  chan  1.0.  The  average  Is  0.98  Indicating  there  Is  no  significant 
effect  of  loading  density  on  the  EMF  along  the  0-degree  line. 

The  EMF  values  based  on  pressure  attenuation  along  the  90-dagree 
blastline  are  listed  In  column  six  of  Table  16.  A  value  could  not  be 
calculated  for  the  first  distance  but  the  last  three  <ilscances  give  an 
average  EfF  of  0.69  7  percent. 

TLie  EMF  determined  for  Che  180-degree  line  for  the  last  three  selected 
distances  la  to  .62,  +5,  -8  percent.  This  follows  the  same  trend 
established  in  Table  15  where  the  180-degrae  line  recorded  greater  peak 
overpressure  attenuation  than  the  90-degree  line. 


2 .  Effect  of  Pressure,  Attenuation  on  Equivalent  Yield.  The 
attenuation  of  peak  overpressure  along  the  blast  lines  can  also  be 
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TABLE  IS.  LOADING  OENSITI  EFfECTS  ON  PEAK  OVERPRESSURE 


BLAST 

LINE 

SCALED 

DISTANCE 

PEAK  OVERPRESSUSK 
1.814  kR  0.ii27  kit 

DIFFERENCE 

A  Z 

DEGREE 

kPa 

kPa 

kPa 

0 

1.1 

1400.0 

1250.0 

-150.0 

-10.7 

7.2 

24.5 

28.0 

+3.5 

+14.0 

9.6 

14.3 

14.9 

+0.6 

+4.0 

16.0 

6.2 

5.4 

-0.8 

-15.0 

90 

0.63 

378.0 

78.0 

-300.0 

-79.4 

7.2 

21.5 

13.0 

+3.5 

-16.5 

9.6 

13.6 

11.9 

+1.7 

-11 .8 

16.0 

6.5 

5.5 

+1 .0 

-15.4 

180 

1.1 

270.0 

119.0 

+151.0 

-44 .0 

7.2 

13.8 

11.1 

+2.7 

-20 .0 

9.6 

9.3 

7.8 

>1.5 

-16  .0 

16.0 

4.9 

3.8 

+1.1 

-22.0 
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i 

? 
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TABLE  16 .  LOADING  DENSITY  EFEBCTS  ON  EQ0IVALBNT  YIELDS 


BLAST 

LINE 

FBAK 

OVERPKBSSUBE 

SCALED  DISTANCE 
i.ai4  kg  0.227  kg 

Rj_ 

SHE 

DEGBEBS 

fcPa 

jj/jj^l/3 

0 

1400.0 

1.10 

1.02 

0.80 

24.5 

7.20 

7.70 

1.22 

14.3 

9.60 

9.80 

1.06 

6.2 

16.00 

15.00 

0.82 

90 

-■ 

- 

- 

- 

21.5 

7.20 

6.25 

0.65 

13.6 

9.60 

8.70 

0.74 

6.5 

16.00 

14.10 

0.68 

180 

- 

- 

- 

- 

13.8 

7.20 

6.2 

0.64 

9.3 

9.60 

8.3 

0.65 

4.8 

16 .00 

13.3 

0.57 
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3.  Loading  Density  Effects  on  I«pul>e.  The  effect  of  loading  denelty 
on  the  overpressure  impulse  along  the  three  blast  lines  Is  listed  in  Table 
17.  Hie  percentage  difference  between  the  baseline  curve  and  the  low 
loading  density  curve  Is  listed  In  column  six  for  the  four  selected 
distances  along  each  blast  line. 

Although  the  0-degree  blast  line  recorded  very  little  difference  In  the 
peak  overpressure  because  of  loading  density  the  Impulse  Is  enhanced.  This 
enhancement  Is  +7  percent  at  the  first  distance  and  an  average  of  +21 
percent  for  the  last  three  stations. 

Along  the  90-degree  blast  line  there  Is  an  attenuation  of  Impulse  as 
well  as  peak  overpressure.  The  percentage  difference  appears  to  Increase 
with  distance,  going  from  -7.8  perceut  at  the  first  station  to  -20.5 
percent  at  the  last  station. 

The  impulse  recorded  along  the  180-degree  blast  line  is  also 
attenuated.  The  percentage  attenuation  of  Impulse  at  the  last  three 
stations  Is  almost  the  same  as  recorded  for  peak  overpressure  at  the  last 
three  stations  shown  In  Table  15,  le,  -18.8  vs  -19.3  percent. 

4.  Effect  of  Impulse  Variations  on  Equivalent  Yield.  The  equivalent 
mass  factors  will  be  determined  based  on  the  variation  of  Impulse  along  the 
blast  lines  as  a  function  of  loading  density.  The  method  described  under 
Section  D  will  be  used  to  determine  EMF.  Values  are  listed  in  Table  18. 


The  values  of  the  EME  determined  along  the  0-degree  blast  line  based  on 
impulse  again  show  an  enhancement.  The  average  E^ff'  Is  1.31  showing  that 
the  low  loading  density  will  give  higher  scaled  Impulse  values  along  the  0- 
degree  blast  line .  The  focusing  effect  of  the  three  earth  barricades  Is 
more  effective  for  low  density  loads  than  the  higher  density  loads.  This 
Is  borne  out  In  Figure  10  where  the  high  loading  density  (5.0  kg)  recorded 
much  lower  scaled  Impulse  values  than  the  low  loading  density  (0.227  kg). 

The  average  EMF  along  the  90-degree  blast  line  was  0.81  7  percent 

while  the  average  EMF  along  the  180-degree  blast  line  was  0.74  +^1.3 
percent . 

E .  Hemicyllndrlcal  versus  Hemispherical  Charges  in  Magazine 

There  was  some  difficulty  In  determining  the  effect  of  earth  cover  on 
the  suppression  of  blast  when  comparing  the  confined  (in-osagazlne)  and 
unconflned  hemicyllndrlcal  charge  because  of  the  double  peaked  shock  waves 
recorded  along  both  the  0-degree  and  180-degree  blast  lines  when 
unconflned.  These  double  peaks  did  not  materialize  when  the  charges  were 
confined . 

1 .  Comparison  of  Peak  Overpressure  versus  Scaled  Distance.  One  test 
was  conducted  with  a  1.128  kg  hemispherical  charge  placed  In  a  l/30th-scale 
munition  storage  magazine  model.  The  results  from  this  test  are  listed  In 
Table  13.  The  values  listed  In  Tabic  13  were  scaled  to  a  1  kg  equivalent 
and  are  compared  with  a  1 .066  kg  hemicyllndrlcal  charge  tested  in  the 
magazine  L'odel.  The  hemicyllndrlcal  charge  values  are  listed  in  Table  7. 
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TABLE 

17.  LOADING  DBNSinr 

EFFECTS  ON 

ItPULSE 

BLAST 

LINE 

SCALED 

DISTANCE 

IMPULSE 
1.8U  k£  0 

.227  ka 

DIFFERENCE 

A  % 

DEGREE 

kP«>«a/kR^^^  kP« 

-../k»l/3 

kPa-«/kg 

1/3 

0 

l.l 

235.0 

250.0 

+15.0 

+7.0 

7.2 

30.0 

37.0 

+7 .0 

+23 .0 

9.6 

22.5 

27  .0 

+4.5 

+20.0 

16.0 

12.8 

15.5 

+2.7 

+21.0 

90 

.63 

103.0 

95.0 

-8 .0 

-7.8 

7.2 

34.5 

32.0 

-2.5 

-7.2 

9.6 

27 .0 

23.5 

-3.5 

-13.0 

16.0 

17.0 

13.5 

-3.5 

-20.5 

180 

1.1 

78.0 

68.0 

-10.0 

-12.5 

7.2 

23.5 

19.0 

-4.5 

-19.2 

9.6 

18 .0 

14.8 

-3.2 

-17.7 

16.0 

11.2 

9.0 

-2.2 

-19.6 

TABUS  18.  BQUIVAUBNT  YIBLD  FROM  IMPULSE  VARIATIONS 


BLAST 

LINE 

1.81A  kg 

SCALED  SCALED 

DISTANCE  ^  IWULSE 

ii/»i 

0.227  kg 

SCALED  SCALED 

DISTANCE  IWOLSB 

BW 

DB6RBB 

*1 

kP«-«»/kg^^^ 

«‘2 

*2 

kP«-a*/k*^^^ 

<R2/»i)® 

0 

1.1 

235.0 

213.6 

1.15 

246.0 

1.14 

7.2 

30.0 

4.2 

8.0 

33.0 

1.37 

9.6 

22.5 

2.3 

10.5 

24.6 

1.31 

16.0 

12.8 

0.8 

18.0 

14.0 

1.42 

90 

0.63 

103.0 

163.0 

0.59 

96.0 

0.81 

7.20 

34.5 

4.8 

6.90 

33.0 

0.88 

9.60 

27 .0 

2.8 

9.00 

25.5 

0.82 

16.00 

17.0 

1.1 

14.50 

15.4 

0.74 

180 

1.1 

78.0 

70.9 

1.0 

71.0 

0.75 

7.2 

23.5 

3.3 

6.5 

21.2 

0.74 

9.6 

18.0 

1.9 

8.6 

16.2 

0.73 

16.0 

11.2 

0.7 

14.5 

10.1 

0.74 
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lliii  eowpariaon  of  puk  ovorpreaouro  along  tha  thraa  klaat  llnaa  ara 
prasantad  In  Plguraa  19,  20,  and  21.  the  pa«k  ovarpraaaura  varaut  acnlad 
dlatanea  along  tha  0-dagraa  blast  llna  for  tha  two  eharga  eonflguratlooa  la 
shown  In  Flgura  19. 

Tha  paak  ovarprassuras  varaua  sealad  dlataneaa  along  tha  90-dagran 
blast  llna  for  tha  two  charga  configurations  ara  plottad  In  Flgura  20. 

Bara  tha  paak  ovarprassuras  racordad  frost  tha  hamlcyllndrlcal  charga  ara 
lowsr  .than  tha  haalspbarlcal  charga  out  to  a  sealad  distance  of  4 
n/kg^^^.  Froa  4  a/kg^'^  out  to  tha  inhabited  building  distance  (16 
a/kg^'^)  there  Is  no  significant  difference  In  the  plottad  data. 


Tha  peak  overpressures  versus  scaled  distance  recorded  along  the  180- 
degree  blast  line  are  plotted  in  Figure  21.  Here  again  the  values  froa  the 
healcyllndrlcal  charge  are  lower  than  the  valuas  from  the  heaisoharlcal 
charge  out  to 'a  scaled  distance  of  2.2  a/kg^'’’.  Froa  2.2  a/kg^'^  out  to 
17.5  a/kg^^^  there  is  no  significant  difference  In  the  two  sets  of  data. 


2.  Coaparlson  of  Sealed  lapulee  versus  Scaled  Distance.  The  values  of 
scaled  iapulse  versus  scaled  distances  plotted  In  Figures  22,  23,  and  24 
were  taken  from  Tables  7  and  13.  la  Figure  22,  the  0-degree  blast  line, 
the  values  froa  the  two  charge  configurations  coapare  quite  .well  at  scaled 
distances  from  1  a/kgj'^  out  to  2  a/kg^'^  and  from  10  a/kg^'^  out  to  20 
a/kg^'^.  From  2m/kg^'^  to  10  m/kg^'^  the  scaled  values  of  lapulse  froa  the 
healcyllndrlcal  charge  are  lower. 


Along  the  90-degree  blast  line  the  values  froa  the  healcyllndrlcal 
charge  as  shown  in  Figure  23  are  lower  out  to  4  a/kg^^^  but  beyond  that 
there  is  no  significant  difference. 


In  Figure  24  the  scaled  impulse  versus  scaled  distance  values  from  the 
180-degree  blast  line  are  plotted  for  the  two  charge  configurations.  The 
trend  is  similar  to  the  0-degree  blast  line  where  the  beginning  and  end  of 
the  curves  comoare  well.  There  is  no  significant  difference  in  values 
beyond  6  m/kg^'^. 


For  future  tests  where  the  suppression  of  blast  parameters  from  earth 
cover  is  an  objective  it  may  be  advisable  to  use  hemispherical  charges  in 
the  magaslne  model  rather  than  hemlcylindrlcal  charges . 

F.  l/30th-Scale  versus  l/50th-Scale  Testing 

When  simulating  the  effects  of  an  accidental  explosion  in  a  munition 
storage  magazine  with  an  explosive  source  of  45360  kg  (100,000  Ibm)  using 
munition  storage  magazine  models  a  0.363  kg  charge  was  used  In  the  l/50th- 
scale  tests  and  a  1.814  kg  charge  was  used  in  the  l/30th-scale  tests. 

For  the  simulation  of  136000  kg  (300,000  Ibm)  a  1.080  kg  chage  was 
used  for  the  l/50th-scale  tests  while  a  5.04  kg  charge  was  used  for  the 
l/30th-Bcale  tests . 


All  data  were  scaled  to  a  1  kg  equivalent  for  analysis  and  correlation 
of  results. 
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500 


PEAK  OVERPRESSURE  (kPo) 


•I* 


□  1.066  kg  HEMICYLINOER 
V  1.128kg  HEMISPHERE 


Figure  20.  Peak  overpressure  versus  scaled  distance  along  the 
90-degree  blast  line,  hemicylinder  and  hemisphere 
in  magazine. 
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LEO  OVERPRESSUR 


SCALED  OVERPRESSURE  IMPULSE  (kPa-ms/kg 


□  ).066  kg  HEMI CYLINDER 
V  1.128  kg  HEMISPHERE 


Figure 


SCALED  DISTANCE  {n./kg''3) 

24.  Scaled  impulse  versus  scaled  distance  along  the  180-degree 
blast  line,  hemicylinder  and  hemisphere  in  magazine. 


166 


Iti*  r««ults  published  In  Reference  1  (l/fOth-scele)  were  coepered  wich 
the  present  test  results  (l/30th-sesle).  The  values  of  peek  overpressure 
along  the  (Megree  bias''  line,  recorded  on  the  l/50th-scale  teste  are 
approxlaately  25  percent  lotfut  than  the  l/30th-scale  test  results  at  a  .. 
scaled  distance  of  1  a/kg^'^  but  the  results  merge  together  at  2.5  m/kg^''^ 
for  both  the  45360  kg  and  the  136000  kg  full-slse  simulations.  There  Is  no 
slgnlficent  differences  In  the  Impulse  values  along  the  0->degree  blast  line 
when  co^Mirlng  the  reeulte  from  the  1/SOth-scale  and  l/30th'*scsle  tests. 


The  peak  overpressure  along  the  90>degres  blast  line  were  Iwat  on  the 
l/50th ‘scale  tests  than  the  l/30th-8cale  tests  out  to  2.5  m/kg^^^  on  the 
45360  kg  simulation.  The  comparison  of  peak  overpressure  Is  quite  good 
between  the  two  scaled  tests  on  the  136000  kg  simulation.  The  Impulses 
recorded  along  the  90-degree  blast  line  for  the  l/50th-scale  tests  were  11 
percent  lower  than  those  recorded  on  the  l/30th-seale  tets  for  the  45360  kg 
simulation.  The  correlation  of  Impulse  recorded,  on  the  l/50th  and  l/30th- 
scale  tests  along  the  90-degree  blast  line  for  the  136000  kg  simulation  was 
good.  Only  one  data  point  fell  outside  an  acceptable  scatter. 

The  largest  difference  noted  In  peak  overpressure  Is  along  the  180- 
degree  blast  line  when  simulation  45360  kg  full  scale,  the  1/SOth-scale  tet 
results  were  50  percent  lower  than  the  l/SOth-scale  values  at  1  m/kg^'^. 

The  data  from  the  two  scale  tests  merge  and  beyond  the  scaled  distance  of 
2.5  m/kg^'^  the  values  are  the  same.  The  peak  overpressure  along  the  180- 
degree  blast  line  for  the  136000  kg  simulation  were  an  average  of  13 
percent  lower  on  the  l/50th-scale  results  compared  to  the  l/30th-scale 
tests . 

The  Impulse  along  the  180-degree  blast  line  for  the  45360  kg  simulation 
from  the  l/50th-scale  tests  were  an  average  of  20  percent  lower  than  the 
l/30th-8cale  test  results .  Comparison  of  impulse  for  the  136000  kg 
simulation  gave  an  average  difference  of  less  than  ^  1  percent  for  the  two 
scaled  test  results  along  180-degree  blast  line. 

A  detailed  analysis  to  determine  the  cause  of  the  differences  recorded 
between  the  l/50th-scale  test  results  and  the  l/30th-scale  test  results  has 
not  been  made.  The. larger  differences  are  generally  at  scaled  distances 
less  than  2.5  m/kg^'^. 


IV.  CONCLUSIONS 

The  conclusions  reached  after  analysis  and  discussion  of  results  are 
listed  below. 


1.  There  Is  a  loading  density  effect  on  the  blast  propagation  along 
the  three  blast  lines. 

2.  Along  the  O-degree  blast  line  the  lowest  loading  density  tests 
(12.6  ]u/m^)  gave  the  highest  peak  overpressures  from  a  scaled  distance  of 
3  m/kg^'^  to  10 
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3*  Along  thn  (W«grc«  Liiat  linn  ch«  lovaat  loading  dnnalty  taata 
(12.6  kg/a^)  gava  tha.blghaat  aealad  lapulaa  values  beyond  a  scaled 
distance  of  1.5  n/kg^'^. 

4.  Along  the  90-degree  blast  line  the  lowest  loading  density  tests 
(12.6  kg/a^)  gave  lower  peak  overprassures  and  lower  scaled  lapulses  over 
the  entire  blast  line. 

5.  Along  the  180-degree  blast  line  the  two  lower  loading  density  tests 
(12.6  kg/a^  and  20.2  kg/a^)  gave  lower  peak  overpressure  and  lower  scaled 
lapulses  over  the  entire  blast  line. 

6.  Quantity-distance  criterion  can  be  reduced  for  low  loading 
densities  along  the  90~degree  and  180-degree  blast  lines  but  should  be 
Increased  along  the  0-degree  blast  line. 

7.  The  l/30th-scale  test  results  are  recoaaended  for  6130  kg  (13«500 
Iba)  through  136000  kg  (300,00  Ibn)  full  else  sinulatlons.  The  l/50th- 
scale  tests  are  satisfactory  for  226800  kg  (500,000  Iba)  full  size 
siaulations . 
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INTRODUCTION 

Tests  of  small  explosions  of  up  to  7.5  tons  (6.8  Mq)  of  TNT 
have  frequently  been  coniucted  on  Kittland  Air  force  Base  with 
only  occasioaa.l  nuisance  deunage  r.o,  or  complaints  from,  the 
neighboring  community  of  Albuquerque.  Provisions  were  made  for 
weather  checks,  including  observations,  forecasts,  and  acoustic 
propagation  calculations,  to  determine  whether  or  not  a  planned 
event  could  be  tested  as  well  as  estimates  of  the  delays  needed 
to  await  suitable  propagation  weather.^ 

We  have  developed  a  set  of  yield  limits  that  may  be  fired 
without  seriously  disturbing  our  neighbors  (located  as  shown  in 
Figure  1)  and  without  any  check  on  weather  conditions  (assuming 
unlikely  strong  propagations).  Operations  are  conducted  at  two 
primary  firing  sites,  located  in  Coyote  Canyon,  the  200  km^ 
test  field  that  extends  10  km  south  from  Kirtland  AFB  -  Bast, 
(formerly  named  sandia  Base).  In  addition,  limits  have  been 
produced  for  keeping  below  the  threshold  of  damage,  as  well  as 
the  threshold  for  general  audibility.  All  such  thresholds  have 
been  based  on  extensive  experience,  including  recent  results  of 
USAF-  and  NASA-supported  airblast  propagation  tests  at  Cape 
Canaveral,  Florida,  where  detailed  meteorological  data  acquisi¬ 
tion  systems  were  available  [1].  Finally,  an  up-to-date  blast 
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prediction  procedure i  based  on  locally  available  weather 
observations  and  forecasts,  has  been  developed  for  use  by  local 
USAF  meteorologists. 

BACKGROUND 

Atmospheric  Acoustic  Refraction 

Atmospheric  acoustic  refraction  causes  sound  (or  airblast) 
rays  to  bend  upward,  away  from  ground,  when  sound  velocity 
decreases  with  height,  as  shown  in  Figure  2a,  because  higher 
portions  of  the  wave  travel  in  a  slower  velocity  medium  than 
lower  wave  portions.  Conversely,  when  sound  velocity  increases 
with  height  (Figure  2c)  emitted  rays  are  bent  toward  ground, 
forming  a  sound  duct  and  enhancing  propagation.  In  the 
homogeneous  atmosphere  case  (Figure  2b),  with  everywhere  const  r-it 
sound  velocity,  the  hemispherical  surface  burst  or  spherical 
free  air  burst  (FAB)  .’ixplosion  wave  expands  radially  without 
distortion,  and  with  characteristics  that  havo  been  adequately 
defined  by  one-dimensional  hydrodynamic  models  for  explosions 
[2,  3]. 


Standard  Explosion  Definition 

The  standard  1-kt*  nuclear  explosion  (NE),  free-air  burst 
(FAE),  as  computed  by  the  USAF  Weapons  Laboratory  (AFWL)  [3], 
gives  an  airblast  overpressure  versus  distance  curve  shown  in 
Figure  3,  using  the  distance  scale  at  the  top  of  the  figure. 

*The  commonly  used  kiloton,  abbreviated  kt,  was  used  rather 
than  its  SI  equivalent,  4.2  TJ. 
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DISTANCE  (KILOMETRES)  SCALED  TO  l-KT  NE  FREE  AIR  BURST 


DISTANCE.  (METRES)  SCALED  TO  1-KG  HE  FREE  AIR  BURST 
STANDARD  EXPLOSION  AIRBLAST  PRESSURE-DISTANCE  CURVES 


FOR  MEAN  SEA  LEVEL  PRESSURE-ALTITUDE. 


Figure  3 


Th«  bottom  8cal3  has  been  adjusted  to  a  1  kg  HE  (TNT  chemical 
high  explosives)  yield,  following 


R^/R2  -  (Wj^/W2)^/^ 


(1) 


where  R  is  radial  distance  and  w  is  explosion  yield.  Also 
included  in  the  Figure  3  scale  shift  is  the  generally  accepted 
factor  of  two  converting  NE  to  HE  yield  (4], 

He ight-of- Burst  (HOB) 

Height-of-Burst  is  an  important  factor  in  determining 
explosion  airblast  source  strength  (4).  The  reflection-formed 
hemispherical  Mach  wave  appears  to  come  from  an  enhanced  yield, 
as  shown  in  Figure  4,  up  to  a  yield-scaled  height  referred  to 
as  the  "optimum"  HOB.  This  gives  the  "most  bang  for  the  buck," 
or  maximum  radial  extent  of  specific  over-pressure  or  damage 
(up  to  a  level  of  a  few  tens  of  kilo-pascals). 

Atmospheric  Effects  on  Propagation 

Refractive  distortion  of  a  blast  wave  by  the  atmosphere  may 
enhance  or  attenuate  propagation.  In  addition,  a  wave  may 
actually  be  focused  along  a  circumferential  arc  (caustic)  around 
an  explosion  under  more  complex  atmospheric  conditions  [5]. 
Specifically,  when  directed  sound  velocity  decreases,  then 
increases  with  height  to  a  velocity  aloft  that  is  greater  than 
the  surface  velocity,  as  shown  in  Figure  5,  an  annular  portion 
of  an  explosion  hemisphere  wave  is  essentially  reflected  aloft 
and  returned  to  the  ground  in  an  ensonlfied  ring,  beyond  a  so- 
called  "zone  of  silence." 
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Observatlono  of  atmoapharic  nuclear  testa  recorded  an 
extren.e  of  5X  magnification  above  standard  unrefracted  incident 
amplitude  propagation  C63t  caused  by  jet  stream  winds  near  10  km 
MSL  (mean  sea  level)  altitude.  Up  to  3X  recordings  near  220  km 
range  were  caused  by  the  relatively  warm  atmospheric  ozonosphere 
layer  near  50  km  altitude  with  seasonally  directed  winds  and 
propagations  at  that  level.  Sandia  experiments  in  Nevada  with 
1134  kg  HE  explosions  showed  up  to  8.3X  amplitude  magnification 
from  jet  stream  winds  that  were  calculated  by  caustic  ray  path 
programs  to  cause  a  caustic  at  about  60  km  distance  [7]. 

Current  interest  in  hot-fueled  motors  (Class  VII  explosive 
fuels)  for  such  vehicles  as  the  Trident  [83,  MX  and  Shuttle, 
led  to  an  extensive  experimental  study  of  boundary  layer  (to 
1.5  km  MSL  altitude)  propagation  at  Cape  Canaveral,  Florida. 
Several  hundred  explosions,  with  yields  ranging  from  2.3  kg  to 
1145  kg  TNT,  were  fired  in  1979,  under  a  variety  of  weather 
conditions  [13-  Airblast  amplitude  records  were  obtained  that 
allow  quantitative  relation  of  propagation  (amplitude  versus 
distance  functions)  to  weather  (sound  velocity  change;  positive 
for  inversions,  negative  in  gradient  conditions). 

Figure  6  shows  an  empirical  family  of  amplitude-distance 
curves  (scaled  to  1  kg  HE  FAB)  that  was  obtained  over  flat 
Florida  palmetto,  sand,  and  swamp.  Sound  velocity  differences 
are  shown  for  each  curve,  representing  the  maximum  deviation 
from  surface  level  sound  velocity  that  was  observed  in  the 
boundary  layer  by  a  nearby  150  m  meteorological  tower.  Figure 


Figure  5.  TYPICAL  EXPLOSION  RAY  PATHS. 


HOB  YIELD  FACTOR 


LEGEND 


A  Surface  Burst  Regime 
B  Optimum  HOB 
C  Free  Air  Burst  Regime 


AIRBLAST  HEIGHT-OF-BURST  EFFECT  ON  APPARENT  YIELD, 
BASED  ON  HIGH  EXPLOSIVES  MACH-STEM  PRESSURES  NEAR 

8  n/KG^/^  RADIUS. 
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scales  have  been  shifted  to  Albuquerque  pressure-altitude 
(83  kPa). 

Some  statistics  of  propagation  measurements  under  complex 
conditions  are  also  shown  in  Figure  6.  Complex  cases  include 
both  clear  dog-leg  V(z)  structures  as  well  as  what  appear  to  be 
very  nearly  standard  conditions  (V(z)  *  constant).  In  near¬ 
standard  cases  there  were  occasional  strong  propagations  caused 
by  undetected  sound  velocity  complexities. 

Blast  Noise  Nuisance  and  Damage 

Audible  sounds  generally  range  in  frequencies  from  about 
15  Hz  to  20  )(Hz  [5]  .  Low  frequency  explosion  noises  usually 
must  reach  about  20  Pa  amplitude  or  10  Pa  overpressure  (114  dB* ) 
to  be  barely  heard;  50  Pa  overpressure  (128  dB)  usually  arouses 
considerable  attention  from  a  typical  community. 

At  long  ranges,  assumed  for  "distant"  communities  and  low 
expected  overpressures,  the  dominant  frequency  should  be  near 
0.4  Hz  from  1  kt  NE  and  30  Hz  from  1  kg  HE,  except  for  added 
low  frequency  components  caused  by  multi-path  atmospheric 
propagations,  on  the  other  hand,  it  usually  appears  that  much 
of  what  the  public  hears  from  distant  explosions  is  the  rattle 
of  their  houses  in  response  to  this  low  frequency  pressure 
oscillation.  Unfortunately,  house-rattling  often  triggers 
a  search  for  damage,  and  the  years'  accumulation  of  cracked 

Acoustic  level  L  *  20  logjg  (p/2  x  10  decibels  (dB) ,  for 
pressure  oscillation  amplitude,  p,  in  pascals. 


PEAK-TO-PEAiC  Af«»LiTUDE  (PASCALS) 
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Inversions.  Strength  +iV  (m/s) 


DISTANCE  (METRES)  SCALED  TO  1-K6  HE  FREE  AIR  BURST 
AIRBUST  AMPLITUDE  VERSUS  DISIANCE.  PROJFXT  PROPA-GATOR, 


Figure  6 


plaster  and  windows  is  often  claimed  as  the  immediate  consequence 
of  an  explosion. 

Jissessing  true  community  damage  from  such  weak  explosion 
waves  is  quite  complex.  Experience  with  atmospheric  nuclear 
tests  has  shown  that  a  threshold  for  window  damage  appears  to 
be  about  400  Pa  amplitude  [9]. 

Window  glass  would  seem  to  offer  a  relatively  simple  and 
sensitive  structural  component  for  airblast-damage  correlations. 
Unfortunately,  nothing  is  ever  so  simple  as  it  seems,  and  to 
date,  there  is  no  satisfying  and  conclusive  theoretical  model 
for  window  damage  response  to  airblast  amplitude  input.  It 
appears  that  a  simple  empirical  estimator,  based  on  explosion 
test  and  accident  results,  gives  the  only  satisfactory  prediction 
CIO].  As  shown  in  Figure  7,  the  function  relating  breakage 
probability  (on  a  community-wide  basis  of  an  assumsd  distribu¬ 
tion  of  installations)  to  applied  airblast  overpressure,  is 
the  lognormal  statistic 

APp  =  7.5  x  (2.5)  ±  kPa 

YIELD  LIMITATIONS,  NO  WEATHER  CHECK 
Acceptability  Criteria 

Cost  effectiveness  analysis  would  usually  show  that  expenses 
of  delaying  an  explosion  test  operation  far  exceed  airblast 
damage  costs,  even  under  the  worst  weather  conditions.  Excep¬ 
tions  occur,  of  course,  when  someone  is  injured  by  falling  or 
flying  glass,  or  when  community  annoyance  reaches  such  proportions 
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BREAKAGE  PROBABILITY 


WINDOW  BREAKAGE  FROM  AIRBLAST,  THEORY  &  DATA 


Figure  7 
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that  political  action  is  taken  to  suspend  or  radically  change 
an  operating  program. 

To  avoid  such  consequences,  limitations  are  commonly  imposed 
and  accepted  by  test  managers  to  hold  airblast  noise  levels 
dowipt  to  mild  rumbles,  comparable  to  thunder.  A  recorded  pressure 
amplitude  of  about  100  Pa  corresponds  to  this  noise  level,  at 
about  one  quarter  the  window  damage  threshold.  Amplitudes  of 
20  Pa  should  pass  unnoticed  except  by  a  forewarned  and  perceptive 
observer  in  a  quiet  ambience. 

Relevant  pressure-distance  curves  and  data  for  establishing 
criteria  are  shown  in  Figure  8.  Extreme  propagation  for  400  Pa 
damage  has  been  adopted  at  a  scaled  distance  of  1164  m/kg^/^. 
Application  of  the  8.7X  focus  factor  to  long  range  gives  the 
extreme  range  for  minimal  audibility  (20  Pa)  at  20  km/kg^/^. 

Operational  decisions  of  whether  or  not  a  weather  check  is 
necessary  may  be  made  on  the  basis  of  generally  accepting  100  Pa 
rumbings,  while  allowing  that  on  rare  occasions  the  rumble  may 
be  quite  loud  but  not  damaging. 

Thus  100  Pa  amplitude  at  1950  m/kg^/^  has  been  adopted,  based 
on  a  +2 a  deviation  from  the  average  of  complex  condition  propaga¬ 
tions  in  Florida.  With  strong,  simple  inversions,  AV  ■  +10  m/s, 
100  Pa  would  carry  just  beyond  1  km/kg^/3  on  the  average  and  +1ct 
in  the  distribution  would  fall  near  1.5  km/kg^/^.  Florida  test 
Inversions  never  exceeded  AV  »  +10  m/s.  Stronger  propagations 
will  occur  when  there  are  complex  conditions  and  focusing,  but 
only  250  Pa  would  th^n  be  expected  in  the  extreme  cases  of  8X 
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PEAK-TO-PEAK  AflPLITUDE  (PASCALS) 


LEGEDD 

FI-Florida  Inversion,  V“+10  m/s  FC-Florida  Complex  Case  Average 
FG-Florida  Gradient,  V=-5  m^  FC2-Florida  Complex  Case,  +2 


CRITICAL  POINTS  FOR  CCTOTE  CANYON  AIRBUST  PROFA^^ATIO»J  LIMITS. 


Figure  8 
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magnification.  No  damage  claims  should  arise  from  these  rare 
incidents . 

Calculated  Limits  for  Various  HOBs 

Based  on  this  criterion,  that  100  Pa  should  extend  to  less 
than  1950  m/kg^/3,  explosion  yield  limits  in  Table  I  were 
calculated  for  critical  target  distances  from  two  primary  Coyote 
Canyon  explosion  test  sites.  Yield  limits  for  not  exceeding 
the  400  Pa  damage  threshold  and  the  20  Pa  audibility  threshold 
are  also  tabulated. 

Table  I  shows  that  t,urance  Canyon  tests  with  surface  bursts 
should  be  limited  to  36  kg  dE  to  hold  propagation  into  Pour 
Hills  to  less  than  100  Pa  amplitude  under  most  weather  condi¬ 
tions.  Minor  elevations  of  the  charge  can  be  accepted,  up  to 
4  m,  before  HOB  enhancement  effects  become  significant. 
optimum  HOB,  however,  the  limit  is  only  13  kg  HE  at  9  m  above 
ground.  Free  air  bursts,  well  above  optimun  HOB,  could  be  72 
kg  HE  at  38  m  or  more,  where  FAB  spherical  wave  formation  is 
assured. 

Thunder  Range  tests,  at  9.5  km  from  the  south  boundary  of 
Four  Hills,  should  be  restricted  to  58  kg  HE  surface  bursts. 
There  have,  in  the  past,  been  instances  when  minor  airblast 
damage  was  caused  by  as  little  as  45  kg  HE,  as  well  as  by  rocket 
sled  tests.  Over  thirty  years  of  operation,  such  incidents 
have  been  so  rare  that  they  have  been  accepted  by  the  community. 

In  general,  it  should  take  about  four  times  the  criteria 
yield  limit,  as  vrell  as  extremely  strong,  focused  propagations, 


TABLE  I. 

Weather-Independent  Explosion  Yield  Limits, 
Coyote  Canyon  Tests 


Blast  Location: 

Lurance  Canyon 
Igloo  9830 

Thunder  Range 
Bldg  9966 

Critical  Target: 

Four  Hills 

6.1  km 

Four  Hills 

9.5  km 

Surface  Bursts 

36  kg 

58  kg 

Maximum  Height 

4  m 

5  m 

Elevated  Bursts 

13  kg 

21  kg 

Optimum  Height 

9  m 

11  m 

0 


*  ^  ''austt  damage  at  critical  target  communities.  On  the  other 
hand,  barely  audible  sound  might  be  observed  from  yields  of 
only  a  few  grams  of  HE.  Only  if  a  great  number  of  such  small 
explosions  were  planned,  as  on  a  small-weapon  firing  range, 
would  there  be  any  chance  for  significant  public  annoyance 
from  such  small  shots. 

YIELD  LIMITS  WITH  GOOD  WEATHER  CONDITIONS 
Gradient  Conditions 

Table  II  shows  explosion  yields  that  could  reasonably  be 
contemplated  for  Coyote  Canyon  testing,  assuming  that  a  weather 
watch  is  available  and  test  delays  are  acceptable  while  awaiting 
suitably  attenuated  propagations.  These  optimistic  estimates 
were  based  on  good  gradient  propagation  conditions  of AV  «  -5  m/s. 
Stronger  gradients  were  occasionally  observed  during  Florida 
tests,  down  to  -10  m/s,  but  they  included  a  wind  component  that 
would  not  usually  prevail  over  the  necessary  range  of  azimuths. 
Under  clear  skies  and  generally  light  wind  conditions,  with 
firing  restricted  to  early  afternoon  during  the  greatest  temper¬ 
ature  lapse  rate,  there  should  be  a  number  of  days  in  any 
season  when  AV  ^  -5  m/s  would  be  directed  toward  all  heavily 
inhabited  directions.  Fortunately,  prevailing  daytime  winds  in 
Albuquerque  are  from  the  south  through  northwest  so  that  most 
of  the  city  is  frequently  upwind  of  both  firing  sites. 

Maximum  Yield  Estimates 

It  appears  that  4-ton  (3.6-mg)  HE  surface  bursts  in  Lurance 
Canyon  and  5.8  Mg  (6. 4 -ton)  HE  at  Thunder  Range  could  be  fired 
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Explosion  Yields  for  Very  Good  Oonditions  (Av  < 

-5tn/s) 

UJPANCE  CANYGH 

miNDER  RANGE 

Four  Hills  Carnuel  So.  NM-10 

Four  Hills 

La  Blvd  Isleta  Blvd 

CRITERIA 

8.1  km  6.9  )an  4.0  km 

7.5  km 

11.1  km  14.8  )cm 

MCaPERAlE  NOISE  (<  100  Pa,  420  itv/kg^J) 
Free  Air  Burst 


Kax  W  (kg) 
Min  Ht  (m) 

Surface  Burst 


Max  W  (kg)  3587  2217 

Max  Ht  (m)  18  16 


Max  W  (kg) 
Opt  Ht  (m) 


(400  Pa,  165  nvOtg^/3) 


FAB  W  (Mg) 

118 

73 

S£c  W  (Mg) 

59 

37 

Opt  HOB  W  (Mg) 

21 

13 

Audibility  Ihreshold  (20  Pa,  1.1  kn\Ag 


FAB  W  (kg) 

S£c  W  (kg) 

Opt  HOB  W  (kg) 


under  select  weether  conditions.  This  conclusion  is  in  accord 
with  historical  experience,  except  for  those  few  occasions  when 
peculiar  and  unsuspected  local  weather  influences  caused  trouble. 
Conceivably,  even  59  Mg  HE  could  be  fired  in  Lurance  Canyon 
without  actual  damage  in  Four  Hills.  Until  mountain  shadow 
effects  are  better  understood,  however,  this  yield  would  appear 
to  hazard  the  whole  Tijeras  Canyon  and  NM-10  South  region. 

Such  large  and  expensive  tests  would  be  better  conducted  at  a 
larger  test  range. 

WEATHER  WATCH  &  PREDICTION  PROCEDURES 

Outline 

When  an  explosion  test  is  planned  to  exceed  yield  limits 
shown  in  Table  I,  a  weather  watch  and  airblast  prediction  is 
required  to  assure  that  propagations  will  not  unduly  disturb 
the  community.  The  recommended  evaluation  procedure  follows 
the  chronological  order  of  occurrences i 

*  Source  definition 

*  Propagation  conditions 

*  Target  effects  assessment 

Calculation  forms  have  been  provided  for  test  operator  use. 
along  with  various  useful  conversion  tables  and  nomographs. 

Source  Definition 

Equivalent  yield  was  probably  already  determined  in  reaching 
a  decision  that  detailed  weather-dependent  predictions  were 
needed.  Nevertheless,  this  source  strength  should  be  system- 
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atically  determined  by  following  the  steps  of  Table  III.  Air- 
blast  equivalent  yield  factors  for  common  chemical  explosives 
are  available  from  several  sources.  An  HOB  yield  enhancement 
factor  should  be  estimated  from  the  curve  shown  earlier  in 
Figure  4.  Results^  in  Lines  11-13,  provide  three  points  for 
plotting  a  standard  pressure-distance  curve  for  the  indicated 
explosion. 

Rather  than  attempting  to  reconstruct  a  yield-scaled  family 
of  propagation  curves  for  various  weather  conditions,  a  background 
amplitude-distance  pattern  for  1  kg  HE  is  shown  in  Figure  9  for 
use  with  a  clear  plastic  overlay  copy  of  Figure  10.  The  index 
arrow  (at  1000  m  or  1  km)  is  aligned  under  the  overlaid  distance 
scale  at  the  kilometre  distance  given  on  Line  14  of  Table  III. 

This  procedure,  involving  yield-scaling  of  distances,  allows 
rapid  evaluation  for  critical  targets  and  weather  threats,  from 
a  given  explosion. 

,  When  the  overlay  has  been  aligned,  the  result  shows  the 
various  weather-dependent  propagation  curves,  with  yield-scaled 
distances  along  the  abscissa  marked  by  ranges  to  specific  local 
targets.  Intersections  of  target  distance  lines  (verticals) 
and  propagation  curves  are  used  to  establish  limits  on  weather 
conditions  to  avoid  exceeding  pre-determlned  damage,  noise,  or 
audibility. 

A  number  of  notable  incidents  or  test  results  have  been 
shown  by  points  on  the  Figure  9  background.  Several  incidents 
appear  to  show  extreme  propagations  that  exceeded  results 
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EXPLOSION  SOURCE  STRENGTH  CALCULATION 


Figure  9-  Explosion  Pressure  Amplitude  Versus  Distance 
Curves,  Yield-Scaled  to  1  kg  HE 


obtained  in  experiments.  As  such,  they  indicate  what  could 
happen  but  not  what  might  be  expected  to  happen  in  a  given 
situation.  Except  for  the  case  shown  by  Point  #10,  extreme 
propagations  appear  to  be  bounded  by  the  dashed  line  shown 
near  7X  focus  factor,  in.  complex  propagating  conditions, 
either  with  a  dog-leg  sound  velocity  structure  or  near  4v  =  0, 
and  a  yield  that  could  conceivably  cause  damage  to  the  commun¬ 
ity,  a  teat  delay  should  be  recommended  to  await  better 
weather.  On  the  other  hand,  it  may  be  necessary  to  proceed 
and  fire  some  complicated  or  costly  test  explosions,  with 
the  remote  chance  of  adverse  response,  even  when  the  "Extreme* 
line  is  slightly  exceeded.  But  if  the  amplitude  of  the 
exceedance  is  by  about  50  percent  or  so,  then  there  arises  a 
real  probability  of  injury  caused  by  breaking  or  falling 
glass  in  any  substantial  population. 

Well  above  the  damage  threshold  level,  and  around  3  kPa 
overpressure  (not  amplitude),  flying  glass  would  have  such 
density  and  velocity  as  to  seriously  threaten  the  safety  of 
every  resident  [111.  This  point  is  stressed  here  because  there 
is  a  lingering  remnant  of  misguided  opinion  that  nearly  0.5-psl 
(3.5  kPa)  is  needed  "to  cause  minor  damage  to  the  flimsiest 
structures."  This  conclusion,  apparently  originated  by  World 
War  II  bomb  damage  assessors  and  relevant  only  to  the  maintenance 
of  building  structural  functions  in  war  production,  is  still 
occasionally  repeated  with  respect  to  sonic  booms  and  mining 
activities  [13]. 


1:93 


Along  similar  lines*  some  obsolete  analyses  indicated  lOOX 
amplitude  focusing  potentials  for  atmospheric  propagation  (14). 
All  attempts  to  pin  down  the  source  data  for  this  contention 
have  been  futile,  but  some  clues  have  been  obtained.  Barly 
(pre-19S0)  laboratory  experiments  made  overpressure-distance 
measurements  with  small  HB  charges  that  showed  ^dp  R”!  *4 , 
rather  than  dp  —  as  now  estimated  for  "standard"  long 

range  propagation.  Similar  rapid  pressure-distance  decays 
were  later  obtained  from  0.4  g  HB  experiments  (15).  Measure¬ 
ments  at  very  long  range  from  much  larger  explosions  were 
apparently  used  to  infer  large  magnification  (referenced  to 
the  more  rapid  distance  decay  rate)  in  caustic  zones.  Refer¬ 
ences  to  the  new  standard,  however,  should  bring  these  aunpli- 
fications  down  to  or  below  the  "Bxtreme"  level  shown  in 
Figure  9. 

Weather  Observations  and  Calculations 

Having  established  the  explosion  source  strength  and  its 
potential  for  propagating  unacceptable  airblast  amplitudes  into 
some  part  of  the  surrounding  community,  the  next  step  is  to 
determine  actual  (or  forecast)  weather  conditions  and  their 
capacity  for  causing  airblast  enhancements  of  unacceptable 
magnitude  in  critical  directions.  Surface  and  upper  air  obser¬ 
vations  of  temperature  and  winds,  as  needed  for  this  assessment, 
are  entered  in  Table  iv. 

It  is  assumed  that  no  humidity  correction  is  needed  for 
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sound  speed  calculation  in  dry  Albuquerque  air.  Altitude, 
temperature,  and  wind  reports  are  entered  directly  from  provided 
surface  weather  observation  (zero  level)  and  upper  air  balloon 
rawinsondo  reports.  Airblast  propagation  is  usually  dominated 
by  the  atmospheric  layer  of  depth  less  than  about  one-fifth, 
possibly  one-fourth,  of  the  horizontal  distance  of  concern. 

Most  concerns  with  Albuquerque  and  Coyote  Canyon  tests  thus 
involve  only  about  3  km  of  atmosphere  up  to  4.5  km  MSL,  and 
typically  the  first  seven  levels  of  a  winds-aloft  report. 

Space  is  provided  in  the  table  for  ten  balloon  data  levels, 
should  further  information  be  desired. 

sound  speed  in  air,  C,  may  be  calculated  from  absolute 
temperature,  T  in  kelvins,  by 

C  »  20.0555  ra/s, 

or  read  from  prepared  tables. 

selection  of  azimuthal  directions  for  evaluation  depends  on 
target  locations  and  directions  as  well  as  wind  direction.  One 
calculation  should  be  made  down-wind  from  the  strongest  wind  in 
the  lower  two  or  three  rawinsonde  levels.  Experience  is  useful 
in  determining  the  fewest  directional  calculations  that  are 
necessary  to  establish  the  existence  of  a  propagation  problem. 

The  directed  wind  component,  U,  along  azimuth,  6,  is  resolved 
from  the  reported  wind  speed,  W,  and  direction,  D.  Note  that 
meteorological  observing  practice  is  to  report  winds  according 
to  the  direction  from  which  the  wind  blows.  This  convention,  a 
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reversal  from  usual  vector  description,  is  defended  to  allow  i 

allusion  to  "cold  north"  and  "warm  south"  winds,  rather  than 
vice  versa. 

Space  is  provided  for  analysis  along  four  azimuthal  bearings. 

Directed  sound  velocity  at  each  level  is  obtained  by  simple 
addition  of  the  directed  wind  component  and  sound  speed.  Sound 
velocity  difference  is  obtained  by  subtracting  the  zero-level 
(surface)  directed  velocity  from  the  upper  level  directed 
velocity.  Difference  curves  are  next  plotted  versus  height  on 
Figure  11.  The  apparent  curve  structure  and,  where  applicable, 
the  magnitude  of  the  maximum  boundary  layer  sound  velocity 
difference  provide  the  input  to  a  propagation  prediction  from 
the  yield-adjusted  Figure  9/10  overlay. 


Community  Impact 

Evaluation  for  community  impact  from  the  specified  explosion 
and  weather  condition  may  be  systematized  by  use  of  Table  V. 

Values  for  the  airblast  assessment  are  read  from  the  yield- 
adjusted  Figure  9/10  overlay.  The  weather  check,  for  complex 
structures  as  well  as  inversion  or  gradient  intensities,  is 
made  from  the  directional  curves  drawn  on  Figure  11.  YES-NO 

conclusions  on  acceptaility  are  entered  as  appropriate,  along  , 

i 

with  any  remarks.  j 
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THE  CONTAMINATED  WASTE  PROCESSOR 
FOR  INCINERATION  OF  EXPLOSIVES  CONTAMINATED 
WASTE 


SOLIM  S.  W.  KWAK,  Ph.D. 

AMMUNITION  EQUIPMENT  DIRECTORATE.  TOOELE  ARMY  DEPOT.  UTAH 
INTRODUCTION 

The  purpose  of  this  paper  Is  to  provide  an  update  on  the 
development.  Installation,  and  perfomwnce  of  the  Contaminated  Waste 
Processor  (CWP).  which  was  Introduced  during  the  developmental  phase  In 
a  paper  presented  at  the  nineteenth  Explosives  SafeV  seminar  In  1980 
at  Los  Angeles,  Callfornla.1 

Four  systems  are  nearing  completion,  at  Badger  Arn\y  Ammunition 
Plant  (AAP),  Iowa  AAP,  Sunflower  AAP,  and  Kansas  AAP.  Incineration 
tests  for  compliance  with  air  emission  standards  have  been  successfully 
completed  at  Iowa  AAP.  Final  equipment  test  and  shakedown  Is  ongoing 
at  the  four  locations  prior  to  turning  the  systems  over  to  the 
Installations. 

BACKGROUND 


During  normal  operations  of  Ariay  ammunition  plants  and  depots, 
considerable  waste  Is  generated  that  Is  contaminated,  or  Is  suspected 
of  being  contaminated  with  propellants  or  explosives.  In  addition, 
metals  which  are  contaminated  with  explosives  cannot  be  disposed  of 
unless  they  are  first  flashed.  Previously,  the  burning  of  such  wastes 
and  flashing  of  metals  was  accomplished  on  open  burning  grounds. 
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The  Clean  Air  Act  and  Resource  Conservation  and  Recovery  Act  have 
resulted  In  restrictions  In  the  open  burning  of  such  materials. 

In  response  to  the  Arnty's  search  for  an  environmentally  acceptable 
method  of  disposal  of  these  materials,  AEO  proposed  that  a  modification 
to  the  Arne's  Standard  APE  2048  Flashing  Furnace  would  provide  a  system 
that  could  meet  present  and  future  air  quality  requirements.  Under 
tasking  by  DARCOM,  AEO  conducted  a  feasibility  study  which  showed  that 
a  modified  APE  2048  had  excellent  combustion  characteristics  which 
could  meet  all  future  requirements.  The  system  concept  was  developed 
and  named  the  Contaminated  Waste  Processor  (CWP).^ 

The  Corps  of  Engineers,  Huntsville  Division,  named  AEO  at  Tooele 
Arny  Depot  to  be  the  "Center  of  Technology"  for  design,  development 
and  Installation  of  the  CWP  equipment. 

SYSTEM  DESCRIPTION 


The  CWP  consists  of  three  main  subsystems  with  associated 
controls; 

(1)  The  carbottoffl  furnace 

(2)  The  air  pollution  control  system 

(3)  The  feed  system! s) 

NOTE:  There  are  two  sizes  of  CWP.  The  CWP  Large  Unit  (CWPLU)  has  two 
feed  systems,  batch  and  continuous  feed.  The  CWP  Small  Unit  (CWPSU) 
has  only  one  feed  system,  a  batch  feed. 

The  facility  layout  for  the  CWPLU  and  CWPSU  Is  depicted  In  the 
artist's  concepts  In  Figures  1,  2  and  3. 

For  the  CWPLU,  the  waste  material  Is  dumped  Into  the  loading  area 
where  It  can  be  loaded  Into  baskets  for  batch  feeding  or  It  can  be  fed 
onto  the  conveyor  for  continuous  feeding  (See  Figure  4).  In  the 
continuous  feed  system,  materials  are  shredded  In  a  low  speed,  high 
energy  shredder  to  reduce  size  of  materials.  Shredded  material  Is 
conveyed  from  the  shredder  to  the  furnace  on  an  S-Conveyor  and  dumped 
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Into  the  furnace  through  a  double  sliding  valve  (See  Figures  S  and  6). 
During  operations,  should  an  explosion  occur  In  the  furnace  or  the 
shredder,  personnel  In  the  control  and  loading  room  are  protected  from 
primary  fragments  by  reinforced  concrete  walls  located  by  the  furnace 
and  shredder,  and  from  secondary  fragments  by  a  steel  barricade  wall 
which  separates  the  control  and  loading  room  from  the  rest  of  the 
building.  The  barricades  are  sized  to  protect  against  an  explosion  of 
up  to  1  lb.  of  explosive.  The  feed  system  for  the  CWPSl)  consists  of  a 
batch  loading  system  only. 

The  furnace  for  both  the  CWPLU  and  CWPSU  Is  a  carbottom  furnace 
lined  with  ceramic  fiber  Insulation.  The  only  difference  1$  In  the 
size  of  the  furnace.  Both  furnaces  have  a  large  and  small  burner,  and 
automatically  controlled  air  Injection  ports  to  control  and  optimize 
combustion  of  the  waste  materials. 

Baskets  loaded  with  waste  materials  are  transported  by  an  overhead 
automated  trolley  system  and  are  fed  Into  the  furnace  by  placing  the 
basket  on  the  furnace  car  bottom  and  running  It  Into  the  furnace  (See 
Figure  7).  Shredded  material  fed  continuously  Into  the  furnace  through 
the  double  sliding  valves  Into  the  top  of  the  furnace  falls  Into  a 
basket  on  the  car  bottom  Inside  the  furnace  which  facilitates 
subsequent  removal  of  ashes  (See  Figure  8). 

The  CWP  Is  designed  to  Incinerate  600  Ibs/hour  of  combustible 
waste  when  batch  loaded,  and  Is  expected  to  Incinerate  800-1000 
Ibs/hour  of  waste  when  operated  witit  continuous  feed.  Approximately 
10,000  Ibs/hour  of  metal  can  also  be  flashed  In  the  furnace.  In  actual 
operation,  flashing  of  metal  could  be  accomplished  most  efficiently 
by  mixing  It  with  combustible  waste  materials. 

The  CMP  air  pollution  control  system  consists  of  a  gas  cooler, 
cyclone,  baghouse,  exhaust  fan  and  exhaust  stack.  Exhaust  gases  from 
the  furnace  exit  at  temperatures  up  to  1600"F.  They  are  cooled  to 
approximately  900*F  with  dilution  air  before  entering  the  gas  cooler, 
where  they  further  cooled  to  approximately  250*F.  Exhaust  gases 


next  pass  through  the  cyclone  to  renove  particulate  down  to 
approximately  the  30  micron  size  and  then  pass  through  the  baghouse 
where  particulate  removal  down  to  the  0.5  micron  size  Is  achieved. 
Cleaned  exhaust  gases  then  pass  throu^  the  exhaust  fan  and  out  the 
exhaust  stack. 

CWP  PROJECT  STATUS 


The  CWP  at  Iowa  AAP  was  the  first  system  to  come  on  line.  Air 
compliance  tests  have  been  successfully  completed  on  the  furnace  at 
Iowa  AAP  with  the  support  of  US  Army  Environmental  Hygiene  Agency. 

Iowa  State  air  quality  compliance  officials  were  present  at  the  test 
and  were  satisfied  that  the  furnace  operates  within  their  standards. 
Preliminary  data  resulting  from  the  air  sampling  are  summarized  In 
Figure  9. 

Since  the  CWP  at  Iowa  AAP  Is  the  first  system  to  be  constructed, 
it  Is  essentially  the  pilot  system.  Some  mechanical  and  electrical 
adjustments  and  corrections  are  In  process  and  will  be  completed  before 
the  system  can  be  totally  turned  over  to  the  Installation.  System 
checkout  and  training  will  continue  at  Badger  AAP,  Sunflower  AAP  and 
Kansas  AAP  for  the  next  few  months  prior  to  turning  the  systems  over  to 
the  Installations. 

Four  additional  systems  are  presently  In  various  stages  of 
construction  at  Lex1ngton>B1ue  Grass  Depot  Activity,  Tooele  Army  Depot, 
Savanna  Depot  Activity,  and  Mississippi  AAP.  Equipment  Installation  Is 
scheduled  to  begin  In  the  spring  of  1983. 

CONCLUSION 


The  CWP  Is  proving  to  be  an  effective  system  for  disposal  of 
explosive  contaminated  wastes  In  compliance  with  state  and  federal  air 
emission  standards. 
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^Minutes  of  the  Nineteenth  Explosives  Safety  SEminar,  Volu«e  II,  Page 
983,  article  entitled,  “Contaminated  Waste  Processor,"  by  Darrell  W. 
Walker,  PhD. 
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CONTAMINATED  WASTE  PROCESSOR 
IJVRGE  UNIT 
(CWPLU) 


FIGURE  4  -  FEED  CONVEYOR  IN  FEED  ROOM  FOR 

CONTINUOUS  FEED 


S  CONVEYOR 


FIGURE  6  -  S-CONVEYOR  AND  HOPPER  WITH  DOUBLE 
SLIDING  VALVE  FOR  CONTINUOUS  FEED  OF  SHREDDED 
WASTE  MATERIALS  INTO  THE  FURNACE 


IOWA  STATE  AIR  QUALITY  STANDARD  0.35  GRAINS/SCF 
TEST  DATA* 

RUN  NO.  1  -  0.161  6rains/SCF 

RUN  NO.  2  “  0.116  Gralns/SCF 
RUN  NO.  3  0.060  Grains/SCF 

All  data  corrected  to  12%  CO2 


FIGURE  9 

PRELIMINARY  AIR  QUALITY  TEST  DATA 
IOWA  AAP  -  CWP 
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FIGURE  iU  -  BURNER  END  OF  CAR  BOTTOM 

WITH  EXHAUST  STACK  FOR  FURNACE  START  UF,  AND 

dilution  air  damper 
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FIGURE  13  -  CWP  BAGHOUSE 
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INDUSTRIAL  ROBOTS 
PRESENT  STATE  OF  DEVELOPMENT 


DIRECTORATE  FOR  AMMUNITION  EQUIPMENT 
TOOELE  ARMY  DEPOT 
TOOELE,  UTAH  84074 
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S'JV.'l^RY 


The  Directorate  for  Ammunition  Equipment  (D/AE)  was  tasked  in  FY  81  to 
research  the  latest  developments  in  robotics  for  potential  applications  of 
the  AriT\y's  ammunition  demil itari/ation  and  renovation  lines. 

This  report  discusses  the  present  state  of  the  art  in  robotics  and 
covers  in  detail  three  major  manufacturers  of  robots  that  this  office  has 
used  in  actual  applications  or  has  extensively  evaluated  for  use  in  other 
applications. 
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INTRODUCTION 


\J. 


In  the  past  ten  years  the  Directorate  for  Ammunition  Equipment  (D/AE) 
has  been  instrumental  in  the  use  of  robots  on  ammunition  related  projects 
where  this  type  of  automation  has  been  benefical  in  either  Increasing  the 
productivity  or  safety  of  a  particular  process.  D/AE's  first  experience  with 
automation  began  in  the  late  1960's  when  an  industrial  robot  was  used  to 
download  an  M34  cluster  bomb  on  the  chemical  agent  filled  bomb 
demilitarization  program  at  Rocky  Mountain  Arsenal.  Other  experience  has 
included  use  of  an  industrial  robot  to  load  and  unload  three  detracer 
machines  on  a  AOtnn  ammunition  renovation  line  at  Tooele  Army  Depot;  and 
assignment  as  consultant  to  HQ  ARRCOM  for  the  installation  of  three  large  ton 
capacity  robots  at  the  Western  Area  Demil  Facility  (WADF)  in  Hawthorne, 
Nevada.  These  uses  were  not  unconventional  and  placed  robots  in  the  common 
role  of  handling  and  transferring  of  material  items.  The  items  to  be  handled 
were  mechanically  delivered  to  an  exact  position  where  the  robot  then  checked 
input  signals  supplied  by  interfaced  equipment.  It  would  then  load  and 
unload  the  machine  it  serviced  and  keep  checks  on  the  important  parameters. 


The  basic  robots ’were  purchased  from  commercial  companies  but  the 
engineering  to  design  the  tooling  used  to  handle  the  item,  the  controls  to 
Interface  with  the  external  machinery,  the  delivery  system  to  supply  the 
items  to  the  delivery  point,  and  in  some  cases  the  modification  of  the 
internal  robot  control,  to  allow  it  control  features  that  it  did  not  contain, 
were  all  done  by  D/AE. 


The  resultant  hands-on  design  of  system  application  gives  D/AE  a  unique 
status  among  government  agencies  of  having  experience  in  a  field  where  others 
have  had  little  exposure. 


225 


Industrfal  Robot 


A  definition  here  is  required  to  help  accurately  define  what  constitutes 
an  industrial  robot.  These  robots  have  often  been  classified  as  a  type  of  an 
industrial  manipulator.  The  term  industrial  manipulator  helps  to  dissolve 
media-induced  visions  of  a  metal  machine  with  human  like  abilities. 

' 

I 

A  common  industrial  standard  unit  will  usually  consist  of  a  mechanical 
arm,  hydraulically,  electric  servo,  or  pneumatically  powered  with  three  main 
axes  of  travel;  horizontal,  swing  and  vertical.  On  the  end  of  this 
mechanical  arm  is  a  wrist  to  which  the  user  designs  the  tooling  or  hand  to 

I 

manipulate  the  item.  This  wrist  may  also  contain  several  axes  of  movement  to 
assist  the  tooling  to  obtain  the  correct  position.  Each  additional  axis 
results  in  an  additional  degree  of  freedom.  Some  units  may  contain  upwards 

I  of  six  degrees  of  freedom  in  a  three  dimension  plane.  The  movement  of  the 

mechanical  arm  is  programmed  on  a  point  to  point  basis  or  a  continous  basis 
as  in  some  welding  applications.  Feed  back  is  generated  by  sensors  mounted 
on  the  arm,  wrist  and  tooling  which  determines  where  the  mechanical  arm 
moves.  These  signals  are  th^n  fed  to  an  internal  controller  which  directs 

; 

the  arm  to  the  next  position. 

Initially  the  user  must  supply  the  program  to  control  the  path  of  the 
robot.  Many  methods  to  program  are  used.  Some  have  the  operator  take  the 
mechanical  arm  and  physically  pull  it  through  the  path  it  must  travel.  The 
taught  direction  is  retained  on  the  memory  system  of  the  robot  and  repeated 
with  great  accuracy.  This  is  done  on  many  welding  robots. 

I  Another  type  of  program  system  uses  command  potentiometers  which  set  the 

.  location  of  the  robot  according  to  a  voltage  level  defining  a  point  in  space. 

iA  potentiometer  is,  of  course,  required  for  each  point  of  each  degree  of 

freedom.  This  older  analogy  system  can  in  complex  programs  require  the  use 
of  hundreds  of  voltage  settings  and  can  become  impractical.  The  most 
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cor.^tonly  used  method  today  is  acconplished  by  means  of  a  teach  control  unit. 
It  is  used  as  follows: 

The  programmer  switches  the  controls  to  a  teach  mode  and  directs  the 
mechanical  arm  under  very  low  speed  to  the  desired  position  by  pushing  the 
various  controls  of  the  teach  control  unit  which  move  the  arm  one  axis  at  a 
time  up  and  down,  in  or  out,  etc.  Once  the  position  is  reached,  the 
programmer  then  pushes  the  record  button  and  that  position  is  placed  in  the 
memory  of  the  controls.  Once  all  the  positions  of  the  operations  have  been 
recorded  in  memory,  the  robot  will  continue  to*  follow  these  programmed 
instructions  when  directed  through  the  sequence  by  its  controller. 

Factors  to  Consider  Before  Selecting  a  Robot 

The  robot  is  usually  provided  with  a  limited  number  of  inputs  which  are 
used  to  monitor  external  functions  of  other  equipment.  Outputs  are  also 
available  for  the  robot  to  energize  as  required.  These  outputs  may,  for 
example,  be  used  on  the  conveyor  system  lo  deliver  the  item  to  the  pickup 
area  or  to  signal  machinery  that  an  operation  has  been  completed.  As 
discussed  previously  the  amount  of  these  input  or  output  functions  is  both 
limited  and  basic  in  nature.  Careful  engineering  is  a  must  before  any 
judgement  feasibility  of  an  application  can  be  made.  Below  is  a  list  of  some 
facts  to  consider. 

1.  Draw  or  sketch  the  part  to  be  handled  to  determine  tooling 
required.  Basic  grippers  can  be  purchased  from  the  manufacturer  but  most 
applications  will  require  some  design  by  the  user. 

2.  Determine  machinery  interferences,  access  openings,  cylinder 
strokes,  tooling  clearances  etc. 

3.  A  floor  plan  layout  of  the  area  to  scale  or  with  dimensions  is  a 
must  to  detail  relationship  of  the  machines,  conveyors,  electrical  panels, 
aisles,  etc.,  to  the  robot. 
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4.  Sketch  concept  of  delivery  and  take-away  conveyors. 

5.  Review  Increased  production  rates  by  detennining  how  existing 
process  will  be  improved  with  the  robot.  InteVface  robot  cycle  time  with 
that  of  existing  equipment.  Try  several  approaches. 

6.  Consider  the  following  facts  about  the  part  to  be  handled. 

a.  What  is  the  material  and  v/eight  of  the  part  being  handled. 

b.  If  the  part  being  handled  Is  easily  damaged  v/hat  precautions 
should  be  taken? 

c.  Does  the  part  require  orientation  at  all  stations? 

d.  If  the  part  is  delivered  on  an  existing  system,  what  Is  its 
height  from  the  floor  and  distance  from  where  the  robot  is  to  be  installed? 
Consider  this  point  and  all  other  pickup  and  set  down  positions. 

e.  What  programmed  motions  are  required  to  load  or  unload  the 
machine  or  conveyor,  etc? 

f.  How  does  the  part  get  to  the  robot  from  the  preceding  operation 
and  can  that  system  be  automated  to  combine  with  the  robot? 

7.  What  type  of  environment  will  the  robot  have  to  operate  in? 

a.  What  is  the  ambient  temperature? 

b.  Is  the  atmosphere  corrosive,  dry  or  humid,  dirty,  etc.? 

c.  Do  hazards  exist  v/hich  will  require  special  construction  for 
meeting  such  things  as  explosion  proof  ratings? 
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8.  Does  the  robot  controller  possess  the  ability  to  palletize?  Can  the 
robot  handle  a  different  pickup  or  set  down  location  In  a  before  hand 
preprogrammed  order? 

The  above  comments  are  somewhat  general  because  they  do  not  cover  an 
exact  application;  however,  these  are  the  types  of  facts  which  the  user  must 
cover  and  study  before  the  selection  of  the  right  Industrial  robot  Is  made. 

Status  of  Present  State  of  Development 

As  noted  In  the  last  section's  description,  robots  do  not  possess  what 
Is  known  as  artificial  Intelligence.  Thoy  can  not  see  nor  can  thc^  feel  and 
evaluate  conditions  to  make  decisions  In  the  normal  sense.  To  make  matters 
more  complex,  they  must  also  be  setup  to  fit  within  a  structured  environment 
with  external  Items  physically  referenced  to  the  robot's  narrow  Internal 
coordinate  system.  These  limitations  have  not  stopped  robots,  however,  from 
vastly  Increased  production  and  acconqsanying  reductions  In  operational  costs. 
Robots  have  found  a  position  doing  the  repetitive,  around  the  clock  tasks, 
that  automation  can  produce  without  the  boredom  and  fatigue  associated  with 
the  human  worker. 

Although  the  United  States  has  been  the  technology  leader  of  robot 
development,  the  Japanese  have  surpassed  us  by  using  three  times  the  number 
of  robots  working  on  actual  assembly  lines.  The  Robot  Institute  of  America, 
a  technical  society  dedicated  to  the  advancement  of  robotics  technology, 
lists  some  39  U.S.  robot  companies  along  with  2  European  and  4  Japanese 
companies.  There  Is  also  an  annual  conference  and  exposition  sponsored  by 
the  Society  of  Manufacturing  Engineers  each  spring  In  Detroit,  Michigan  to 
provide  the  opportunity  to  see  the  latest  developments,  both  domestic  and 
foreign. 

Three  major  U.S.  manufacturers  of  Industrial  robots  were  selected  to 
supply  Information  for  this  report.  They  are  as  follows: 
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a.  Unimatlon  Inc 
Shelter  Rock  Lane 
Danbury,  Connecticut 

b.  Cincinnati  Mllacron  Inc 
Hason  Road  and  Route  48 
Lebanon,  Ohio 

c.  Prab  Conveyors,  Inc/Robot  Division 
59441:2  Kllgove  Road 

Kalamazoo,  Michigan 


All  have  been  the  major  suppliers  of  automated  robot  systems  used  In 
U.S.  automobile  assembly  lines  and  other  heavy  Industrial  application. 

Somewhat  disappointing  Is  the  fact  that  robot  technology  has  not  progressed 

as  fast  as  one  would  have  expected.  It  has  been  only  recently  that  the  use 

of  computer  systems  have  been  Incorporated  for  controls  to  expand  the 

decision  capabilities  of  commercial  Industrial  robots.  The  same  mechanical 

servo  systems  have  been  state  of  the  art  for  years.  The  manufacturing 

Industry  Is  very  conservative  and  future  research,  done  mostly  by  university  ^ 

and  private  Institutes  of  technology,  awaits  Incorporation  by  the  commercial 

concerns.  This  means  that  the  U.S.  lead,  unless  past  performance  Improves, 

will  continue  to  diminish. 


DESCRIPTION  OF  SELECTED  ROBOTS 


Uni mate  Robots 

Unimatlon  Inc.  has  by  far  the  largest  share  of  todays  robot  market. 

They  manufacture  several  different  models,  from  small  mini  types  to  larger 
units  that  can  lift  upward  of  450  pounds. 

The  small  robot  series  250,  500,  600,  are  constructed  with  a  main  boom 
that  1$  Jointed.  This  feature  supplies  a  greater  degree  of  dexterity.  Drive 
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is  accomplished  by  use  of  DC  servos  which  are  configured  in  five  or  six  axes 
depending  on  model  purchased.  Lift  capabilities  are  two  to  five  pounds,  but 
the  small  robots  are  designed  to  achieve  accuracies  of  .004  inch  and  are  used 
for  small  intricate  work.  Control  on  these  models  is  advertised  as  one  of 
the  most  advanced  systems  and  uses  the  capabilities  of  a  LSI  11  computer  with 
Unimate's  Val  language.  This  gives  the  user  the  great  control  flexibility 
that  many  robots  lack.  The  operator  uses  a  detachable  teach  control  to  guide 
the  robot  through  its  task  pattern.  Control  for  each  Individual  axis  Is 
provided  to  allow  the  operator  to  move  the  manipulator  into  the  exact 
position. 

Unimation's  large  robot  series  includes  several  models,  but  can  be  broken 
down  to  the  2000  and  4000  series.  Both  robots  are-  similar  but  the  4000  can 
lift  about  ISO  pounds  more  and  has  a  heavier  duty  wrist.  Both  use  a  sequence 
step  controller,  f’emory  Is  on  magnetic  core  and  can  store  up  to  2049 
position  points.  The  units  are  hydraulically  powered  and  can  achieve 
accuracies  within  .050  of  an  Inch.  A  teach  control  is  used  to  lead  the  arm 
through  each  successive  position  and  that  position  is  then  recorded  in  memory 
for  all  five  or  six  axes  of  movement  as  a  program  step.  There  are  also  a 
limited  number  of  input/output  functions  on  the  robot  which  will  allow  it  to 
receive  signals  from  other  machinery  and  contiol  conveyors,  or  other 
machinery. 

The  advantages  of  the  Unimate  2000  or  4000  are  as  follows: 

a.  Reliability-  They  have  an  established  reputation  among  users  for 
continual  operation  with  little  or  no  downtime.  Manufacturer  claims  better 
than  98%  uptime. 

b.  Programming  -  With  the  use  of  the  hand  held  teach  control 
programming  Is  very  easy.  The  user  has  only  to  lead  the  unit  through  the 
operation  and  record  each  point. 

c.  Unitized  -  The  unit  Is  self  contained  with  everything  Including 
hydraulics  and  controls  within  the  main  frame  housing.  This  allows  quick 
installation  and  easy  reinstallation  when  the  robot  is  moved  to  be  setup  on 
another  process. 


231 


The  disadvantages  are: 


a.  Dexterity  -  The  series  1000,2000,  and  4000  use  a  turret  or  radial 
movement  on  the  main  arm.  This  results  in  less  working  area  since  the  main 
arm  can  not  retreat  fully  to  the  base  and  also  sometimes  results  in 
difficulty  in  maneuvering  the  tooling  into  tight  areas.  Unimate  has  added  a 
sixth  axis  model  to  help  alleviate  the  problem  but  this  then  odds  more  size 
to  the  wrist  and  reduces  the  load  limits.  About  anytime  that  the  radial  arm 
moves  into  a  tight  area  not  on  the  same  horizontal  level  as  the  turret,  this 
problem  will  occur. 

b.  Robot  Controller  >  These  larger  robots  use  a  simple  sequence  control 
which  often  causes  the  user  to  fight  programming  limitations.  Jump  or  branch 
type  instructions  are  difficult  to  perform.  If  an  operational  function  is  to 
be  carried  out  repeatedly  at  many  different  locations  within  the  total  cycle 
it  must  be  programmed  each  time.  The  unit  can  not  connect  with  other 
computer  interfaces  or  digital  equipment  at  the  level  of  intelligence 
possible  with  computer  controlled  robots. 

c.  Servo  Axis  Control  -  There  is  no  coordinated  control  of  all  axes 
during  the  teach  or  automatic  operational  mode.  Each  of  the  five  or  six  axes 
move  randomly  when  directed  to  a  programmed  point.  This  means  that  the  arm 
may  move  differently  with  changes  in  speed,  etc,  or  that  during  teaching  or 
programming  positions,  each  axes  must  be  moved  one  at  a  time.  Again,  the 
addition  of  a  more  powerful  computer  control  has  eliminated  this  problem  in 
other  models. 

Cincinnati  Milacron  Robots 

One  of  the  more  modern  units  available  today  is  built  by  Cincinnati 
Milacron.  This  company  is  one  of  the  leaders  in  the  manufacture  of  numerical 
controlled  machining  equipment.  The  manufacturing  of  robots  started  as  a 
side  line,  and  although  they  only  market  one  unit  with  two  payload  versions, 
they  sell  almost  as  many  units  as  Unimate. 
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capacity.  Control  Is  accomplished  by  use  of  either  a  drum  controller  or  a 
new  solid  state  sequence  control.  Most  operating  components  are  standard 
Industrial  parts  available  from  local  suppliers.  The  value  of  the  unit  is 
Its  economical  price,  high  rellblllty  and  ease  of  repair.  The  draw  backs  are 
that  It  Is  not  suitable  for  most  hazardous  environments  and  does  not  have 
much  flexlblll^  when  control  amounts  to  more  than  pick  and  place 
operations. 

Versatran  Robots 

Prab  acquired  the  Versatran  robot  line  from  AMF  and  now  markets  It  along 
with  their  basic  model.  The  Versatran  Model  E  was  the  first  Industrial 
application  of  robotics  by  our  0/AE  office.  At  Rocky  Mountain  Arsenal  the 
Model  E  with  the  older  basic  analog  controller  was  used  to  download  and 
transfer  to  process  equipment  a  large  stockpile  of  GB  filled  cluster  bombs 
for  demll. 

The  physical  construction  of  the  Versatran  robot  Is  different  both  from 
the  jointed  main  arm  Cincinnati  Mllacron  or  the  radial  turret  armed  Unimate 
and  Prab. 

A  main  frame  consisting  of  a  square  base  and  a  vertical  column  form  the 
robot.  The  boom  or  am  Is  mounted  crosswise  or  horizontal  to  this  column. 
When  In  operation  the  arm  can  travel  up  and  down  the  main  column,  swing 
around  270*,  or  extend  In  and  out.  Tooling  Is  mounted  on  the  end  of  the  arm 
which  can  supply  up  to  three  servo  controlled  degrees  of  freedom.  This  then 
makes  up  a  total  of  six  axes  of  movement.  Versatran  also  uses  a  seventh 
servo  on  a  traverse  base  to  allow  the  robot  the  ability  to  move  between  work 
stations. 

Experience  from  use  of  the  Versatran  line  has  revealed  the  following. 

The  mechanical  configuration  of  the  design  supplies  good  dexterity  In  moving 
In  and  out  of  tight  areas  with  the  tooling.  It  does  not  have  the  dravd^acks 
of  the  turret  radial  design.  Rear  clearance  behind  the  robot  must  be  allowed 
for  because  the  arm  will  project  out  the  back  when  moved  In  toward 
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f'. 

The  T3  and  heavier  version  HT3  use  a  jointed  mechanical  arm  whlcti  1i 
articulated  to  move  In  all  six  axes.  The  physical  configuration  of  this 
jointed  arm  enlarges  the  working  volume  while  Increasing  the  dexterity. 
Payload  capability  Is  175  pounds  for  the  T3  and  250  pounds  for  the  heavy  duty 
HT3. 

Uliat  makes  this  unit  popular  Is  the  great  flexibility  It  derives  from  a 
computer  control.  This  company  was  one  of  the  first  to  develop  a  strong 
computer  software  base  to  aid  In  robot  control  and  In  turn  reduced  much  of 
the  limitation  of  the  more  basic  models. 

A  hand  held  teaching  control  Is  still  used  to  guide  the  robot  to  the 
various  positions.  Positions  are  then  recorded  and  stored  In  computer  memory 
and  can  easily  be  modified  or  edited.  The  control  console  which  houses  the 
computer  Is  equipped  with  a  CRT  to  provide  visional  program  readout.  Each 
programmed  point  Is  displayed  as  X,  Y  and  Z  coordinates  In  space.  Velocity;^ 
acceleration.  Input,  output  designation  and  other  control  status  are 
displayed  on  the  tube  on  a  real  time  basis.  Such  tasks  as  programming 
randomly  sequenced  operations  and  Interfacing  between  larger  computer 
controlled  processes  and  external  equipment  are  all  made  easier  because  of 
the  versatility  of  a  computer  aided  robot. 

A  disadvantage  of  the  T3  and  HT3  robots  are  that  they  were  not  designed 
for  quick  relnstallatlon  and  are  not  unitized.  The  control  console  Is 
separate  as  are  the  pov/er  distribution  panel  and  hydraulic  pump.  If  the 
robot  were  to  be  used  In  an  explosive  hazardous  location  much  of  this 
equipment  would  have  to  be  Installed  remotely  In  a  control  room  or  utility 
area.  This  prevented  the  use  of  these  units  on  our  applications  because  we 
were  Installing  equipment  In  existing  older  buildings. 

Prab  Conveyors  Inc/Robot  Division  Robots 

Prab's  robot  Is  much  like  the  Unimate  models  1000,2000  and  4000  In 
physical  construction.  The  arm  rotates  on  a  radial  turret.  Four  models  are 
built  around  this  design  and  vary  only  In  reach  and  weight  handling 


the  base.  However,  control  of  the  robots  have  been  modernized  with  the 
Introduction  of  the  series  600  computer  control.  Although  Versatran  has  used 
the  same  LSl/11/02  computer  as  has  the  Mllacron  robot  they  do  not  offer  as 
mahy  options.  This  Is  a  result  of  the  executive  program  In  the  computer. 

The  user  Is  free  to  write  his  own  program  If  they  do  not  fit  the  application 
or  he  can  have  Versatran  engineers  work  with  him. 

Versatran  robots  are  not  unitized. 


CONCLUSION 


This  report  has  been  compiled  for  our  own  use  or  other  parties  which  may 
be  considering  the  use  of  robotics.  Presently  the  design,  building  and 
marketing  of  robots  Is  Increasing  rapidly.  Because  of  this  Increase  It  Is 
not  possible  to  become  knowledgeable  with  all  robotic  systems  manufactured 
today.  Major  companies  such  as  General  Electric,  Texas  Instrument  and  IBM 
have  Invested  large  amounts  of  capital  and  have  announced  plans  to  market 
their  own  robot  lines.  The  Japanese  are  making  the  majority  of  their  own 
robots  and  these  are  now  appearing  In  increasing  numbers  on  the  U.S.  market. 
Older  U.S.  manufacturers  which  have  controlled  what  was  available  on  the 
market  will  soon  be  faced  with  fierce  competition.  However  this  will  then 
result  In  better,  more  powerful  robots  as  new  technology  Is  applied  to  gain 
advantage  In  sales. 

Robots  which  were  evaluated  In  this  report  were  units  on  which  we  had 
formed  opinions,  either  from  actual  industrial  application  or  through  study 
of  the  units  for  consideration  In  applications.  A  working  hands-on 
knowledge  was  therefore  gained  both  of  the  advantages  and  disadvantages  of 
these  models. 

Future  models  of  these  robots  will  be  caught  up  In  rapid  technological 
advances,  making  the  conclusion  of  this  report  valid  only  for  a  short  period 
of  time.  For  example.  Unimate  will  soon  have  a  computer  control  system  for 
their  larger  units  and  many  of  the  criticisms  of  axis  coordination  and 
programming  will  be  negated. 
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For  the  government  to  Increase  the  productivity  of  Us  labor  intensive 
manufacturing,  renovation,  and  demil  plants,  a  serious  effort  and  investment 
of  capital  will  need  to  be  made  toward  the  use  of  more  robotic  systems.  Past 
experience  has  demonstrated,  that  where  an  application  has  been  properly 
engineered,  the  investment  has  been  paid  back  in  a  ver^y  short  period. 
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BARRiaOE/SHIELD  TESTING 
NEW  THINKING  ON  HEAT  aUX  REQUIREMENTS 


BY  JERRY  MILLER,  P.E. 
AMMUNITION  EQUIPMENT  DIRECTORATE 
TOOELE  ARMY  DEPOT 


In  1976  MIL-STD  398  was  published  to  help  standardize  on  the  criteria 
which  must  be  met  to  properly  protect  an  operator.  As  It  states  In  the 
“Foreword"  of  this  publication  dated  5  Nov  1976^ 

“This  standard  defines  the  minimum  criteria  necessary  to  design 
an  operational  shield  which  will  protect  personnel  and  assets  from  thermal, 
pressure  and  fragmentation  hazards  resulting  from  an  accidental  or 
Intentional  detonation  of  ammunition  or  explosives,  and  Identifies  methods 
for  testing  prototype  operational  shields  to  assess  the  degree  to  which  they 
meet  the  protectlonjcrlterla  speclfledl^^^^^ 

^Iterla  Identified  IrTthls  standard  are  recognized  as 
providing  an  environment  that  affords  adequate  protection  for  personnel  and 
assets." 

Besides  the  area  of  overpressure,  which  Is  well  documented  and  has  transducers 
which  can  follow  fast  response  pressure  waves,  the  less  defined  and  established 
area  of  heat  flux  was  addressed.- 
It  states  In  Section  4.1.3  ^at: 

(a)  "Shields  shall  be  designed  to  limit  exposure  of  personnel  to  a 
critical  heat  flux  value  based  on  the  total  time  of  exposure.  This  value  of  heat 
flux  Is  determined  by  following  equation: 

9  “  0.62  where 

9  «  heat  flux  In  cal/cm2-sec 

t  «  total  time  In  seconds  that  a  person  Is  exposed  to  the  radiant 

heat." 

The  equation  was  developed  by  plotting  published  heat  flux  data  on  log 
paper  and  establishing  a  best  fit  curve  to  this  data.  Further  research 
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seems  to  Indicate  that  the  exponent  In  the  equation  ought  to  be  0.75 
Instead  of  0.7423.  Also,  the  safe  heat  flux  level  Is  based  upon  a  pulse  In 
the  form  of  a  square  wave. 


(b)  "All  operating  personnel  shall  be  located  at  a  distance  from 
the  shield  that  assures  their  exposure  Is  less  than  the  flux  determined  by 
the  above  equation. 

(c)  The  upper  torso  of  an  operator's  body  shall  not  be  subjected 
to  any  visible  fire  or  flame.  Flame  Impingement  upon  the  lower  portion  of 
the  body  may  be  permitted  provided  that  the  heat  flux  specified  above  Is  not 
exceeded." 


A  point  of  Interest  Is  that  a  former  Ammunition  Equipment  Directorate 
(AEO)  engineer,  Mr.  K.T.  Smith,  was  Involved  In  the  preparation  of  the  heat 
flux  section  of  the  standard.  In  conjunction  with  his  research,  tests  were 
performed  at  AED  on  various  types  of  heat  flux  sensors  under  varying 
conditions. 

As  can  be  seen  from  the  following  film,  there  Is  concern  for  an 
operator's  protection  from  the  heat  produced  during  a  detonation/incident 
within  a  protective  barricade.  The  first  film  shows  what  happens  when  M30  I 

propellant  Is  Ignited  Inside  an  Ammunition  Peculiar  Equipment  (APE)  1001 
barricade.  Since  that  date  In  1979,  much  work  has  been  done  to  reduce  this 
heat  problem  to  a  minimum  and  there  Is  now  a  fast  response  deluge  system 
which  suppresses  the  fire  very  quickly  (In  the  order  of  20-50  milliseconds). 

The  next  sequence  of  film  .shows  the  test  results  on  an  APE  1202 
operational  shield.  This  shield  evolved  from  an  open  back  style  to  a  total 
containment  version  while  trying  to  meet  the  other  safety  criteria  defined 
In  MIL-STO-398.  With  a  semicircular  rear  door  added  to  the  shield,  the  main 
areas  where  flame  and  heat  can  escape  are  around  the  rear  door  enclosure 
attachment  mechanisms  and  around  and  over  the  turntable.  Within  the  shield 

t 

I  an  Internal  barricade  was  designed  to  mostly  enclose  the  turntable. 

Baffling  was  added  to  the  turntable,  and  the  gapping  between  the  turntable 
and  shield  was  reduced  to  a  minimum.  After  these  modifications  the  film 
shows  that  a  detonation  spray  can  still  be  seen  coming  out  Into  the  operator 
area  at  approximately  chest  height. 


238 


..M.. 


*‘^**"^"  ■  ^  'f  pip.ig’’|».T^!iyiif wTi. -. -T'ctTC-' '•  ^^»¥!»,i»^-^*j^.-^ x--. 


Some  uf  the  first  wovk  dcn«T  in  barricade  testing  centered  around  the 
testing  of  several  types  of  heat  f'ux  sensors  to  determine  the  best  for 
this  application.  These  mre  ^e  Garden  gage^  Schmidt-Boelter  and  the 
platinum  film  gage.  The  platinum  film  gage  was  eliminated  early  In  the 
testing  because  of  problems  with  damage  rusceptablllty,  In  calibrating,  and 
filtering.  The  Gardon  gage  was  supposed  to  have  a  faster  response  than  the 
Schmidt-Boelter,  but  It  was  easily  damaged  during  a  detonation  from  the 
generated  overpressure.  Therefore,  the  Schmidt-Boelter  gage  appeared  to 
best  suit  our  requirements  In  measuring  Leal  flux;  bet  we  knew  It  was 
limited  due  to  Its  slow  response. 

Another  concern,  with  any  type  transducer  (gage,  meter,  etc.)  Is  that 
because  of  the  electrical  noisy  environment  In  which  data  Is  obtained,  the 
transducer  output  must  be  in  millivolts  or  larger.  In  no  way  could 
microvolts  be  measured  with  any  certainty. 

In  1980  Uf.  Richard  Ulrich,  from  the  Brigham  Young  University  was 
contracted  to  help  lock  st  concerns  with  the  heat  flux  gages  and  the  heat 
flux  criteria  as  Identified  In  MIL-STD-398.  He  Is  presently  In  the  process 
of  finalizing  a  report  on  certain  aspects  of  his  study  to  date. 

Lets  now  look  at  the  characteristics  of  the  two  gage  types  which  seem 
to  most  adequately  fit  our  requirements,  the  Gardon  anu  Schmidt-Boelter,  It 
must  be  realized  that  other  names  might  be  used  to  describe  these  types 
gages  such  as  unidirectional,  asymptotic,  pyrneliomsters,  radiometers,  etc. 

A  discussion  of  the  characteristics  will  eliminate  possible  misunderstanding 
of  these  designs. 

In  noth  types  of  sensors,  heat  flux  Is  absorbed  at  the  sensor  surface 
and  Is  transferred  to  an  internal  heat  sink  which  remains  at  a  temperature 
below  that  of  the  sensor  surface.  The  difference  In  temperature  between  two 
points  along  the  path  of  the  heat  flow  from  the  temperature  to  the  sink  is 
proportional  to  the  heat  being  transferred  and  therefore  proportional  to  the 
heat  flux  being  absorbed.  At  two  such  points,  these  transducers  have 
thermocouple  junctions  which  form  a  differential  thermoelectric  circuit 
providing  a  self-generated  emf  between  the  two  output  leads  directly 
proportional  to  the  heat  transfer  rate.  No  reference  junction  is  needed. 

Gardon  gages.  Figure  1,  absorb  heat  In  a  min  metallic  circular  foil 
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and  transfer  the  heat  radially  (parallel  to  the  absorbing  surface)  to  the 
heat  sink  attached  to  the  periphery  of  the  foil;  the  difference  In 
temperature  Is  taken  between  the  center  and  edge  of  the  foil. 

Schmidt-Boelter  gages.  Figure  2,  absorb  the  heat  at  one  surface  and 
transfer  the  heat  In  a  direction  normal  to  the  absorbing  surface;  the 
difference  In  temperature  Is  taken  between  the  surface  and  a  plane  beneath 
the  surface. 

Both  types  are  designed  for  operation  In  steady  state  and  only  then  Is 
there  a  direct  proportional  relationship  between  the  measured  temperature 
(or  emf)  and  absorbed  heat  flux.  Both  typec  can  be  built  having  a  "time 
constant"  of  as  low  as  a  few  tens  of  milliseconds,  say  40-80  milliseconds. 
However,  the  concept  "time  constant"  has  well-defined  meaning  only  for  first 
order  systems  and  represents  the  time  for  a  first  order  system  to  respond  63 
percent  to  a  step  Input.  The  path  of  the  response  curve  Is  a  well-defined 
exponential  decay  (or  rise)  from  an  Initial  to  a  steady  state  value  and;  If 
the  time  given  (In  number  of  time  constants)  Is  known,  the  response  state  Is 
well  known.  However,  neither  type  of  heat  flux  gage  can  be  well  represented 
by  a  time  constant  since  they  can  not  be  physically  modeled  accurately  by  a 
first  order  model.  Of  course  the  time  for  63  percent  response  to  a  step 
Input  can  be  measured,  but  the  response  curve  Is  not  well  represented  by  a 
single  exponential  equation.  Because  manufacturers  often  describe  the 
response  time  by  giving  "time  constants"  that  term  will  be  used  in  this 
report. 

The  curve  in  Figure  3  shows  a  typical  heat  flux  gage  response  from  a 
particular  barricade  test.  This  response  was  produced  by  a  Schmidt-Boelter 
type  gage  (a  Medtherm  64  Series)  having  a  "time  constant"  of  about  55 
milliseconds.  First,  assume  that  the  heat  flux  versus  time  curve  can  be 
taken  at  Its  face  value;  that  is,  assume  that  the  results  are  accurate. 

Does  this  particular  curve  satisfy  the  MIL-STD-398  equation? 

9  i  0.62t  "'7423 

The  obvious  question  Is  "what  time  should  be  used?"  The  film  for  this 
test  show  some  visible  effect  for  four  to  six  milliseconds  so  the  actual 
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time  Is  probably  some  place  between  5  and  700  milliseconds,  a  very  wide 
range  Indeed. 

The  equation  was  developed  from  an  extrapolation  of  rectangular  wave 
shapes  of  heat  flux  versus  time.  The  times  were  all  longer  than  one  second. 
Maybe,  for  these  relatively  short  times,  the  Integral  of  heat  flux  -  time 
would  make  more  sense  as  a  limiting  criteria. 

Another  problem  arises  due  to  the  transient  nature  of  the  heat  flux 
pulse  when  the  gage  Is  designed  and  calibrated  for  steady  state  use. 
Following  Is  a  discussion  of  the  steps  taken  to  understand  and  explain  the 
data  observed  In  Figure  3. 

Schml dt-Boel ter  type  heat  flux  gages  are  basically  a  many  junction 
thermopile  wrapped  In  series  around  a  mandrel.  This  unit  Is  mounted  between 
plastic  protectors  and  the  entire  system  Is  mounted  In  a  copper  heat  sink. 
The  manufacturer  Is  never  sure  of  (exact)  dimensions  of  the  particular 
plastic  layers  so  they  need  to  calibrate  each  heat  flux  gage.  The  heat  flux 
Is  indicated  by  the  sum  of  voltage  from  the  thermopile  as  the  heat  flows 
from  the  surface  to  the  haat  sink,  since  9  =  ,  for  steady  state 

operation.  However,  for  unsteady  state  some  energy  is  stored  in  various 
parts  of  the  heat  flux  gage.  This  system  was  then  modeled  as  shown  in 
Figure  4,  a  node  for  the  surface  plastic,  a  node  for  the  wire  on  top,  a  node 
for  the  mandrel,  a  node  for  wire  on  the  bottom,  a  node  for  the  plastic  on 
the  bottom  and,  a  node  for  the  heat  sink.  These  nodes  (or  capacitors  in  the 
electrical  analogy)  are  connected  by  resistors  or  conduction  elements.  For 
this  system,  a  computer  program  was  developed  using  estimated  values  for 
thicknesses  and  thermal  properties,  which  would  be  modified  to  allow  tor 
matching  computor  output  with  field  results. 

This  program  is  really  two  programs,  or  two  phases  in  solving  the 
specific  problem.  The  first  part  solves  the  problem  "given  an  unsteady 
input  heat  flux,  what  is  the  output,  or  Indicated  heat  flux?"  This  program 
was  developed  and  "calibrated".  "Calibration"  means  that  the  parameters 
were  chosen  so  the  computer  output  matched  the  heat  flux  gage  output  for 
some  known  inputs.  This  demonstrated  that  the  computer  model  fit  of  the 
physical  model  was  adequate. 

Having  a  good  computer  model  then  allowed  for  an  inverse  approach 
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program  to  be  developed.  That  Is  “given  the  output  from  a  heat  flux  gage 
during  an  unsteady  operation,  what  was  the  Input  heat  flux?"  This  was  again 
used  on  some  cases  where  the  Input  and  output  were  known  and  presented  a 
good,  If  complex,  result. 

This  program  was  then  used  on  some  real  data  from  a  barracade  test  and 
the  result  was  that  the  calculated  heat  flux  was  about  50  percent  greater 
than  that  Indicated  by  the  gage.  The  results  are  shown  In  Figure  5.  No 
general  rules  of  thumb  were  developed  for  estimating  actual  heat  flux  from 
Indicated  heat  flux. 

Another  modeling  and  analysis  technique  was  done  to  develop  a  method 
for  Interpreting  data  from  unsteady  usage  from  steady  state  calibrations  of 
heat  flux  gages.  It  was  done  (In  ME  542  Advanced  Heat  Transfer  Design) 
under  the  direction  of  Dr.  Ulrich  by  Max  Howell  and  Brent  Irloodland.  The 
heat  flux  step  Inputs  were  of  small  duration  In  comparison  to  the  time 
constant  of  the  gage. 

The  computer  model  again  used  resistors  and  capacitors  to  try  to 
duplicate  the  response  characteristics  of  a  particular  heat  flux  gage.  A 
second  computer  program  was  written  that  would  “back  out"  the  step  Input 
given  a  typical  response  curve. 

The  computer  programs,  were  then  used  to  predict  the  actual  Input  from 
a  particular  response  curve.  It  was  observed  that  the  heat  fluxes  obtained 
from  an  APE  1202  barricade  test  probably  passed  the  gage  In  two  waves,  a 
radiation  pulse  and  a  convection  pulse.  It  was  also  seen  that  the  maximum 
heat  flux  from  the  explosion  was  between  four  and  seven  times  the  Indicated 
heat  flux. 

The  heat  flux  gage  was  modeled  as  a  3  lump  capacitance  system  as  shown 
In  Figure  6.  The  solutions  to  the  three  simultaneous  differential  equations 
Indicated  the  Node  Temperatures  as  a  function  of  time.  The  three  equations 
are: 

dT2  =  ^  (T;  -  T2  -  Tg  -  T3) 

Cl  Ri  R2 

dTa  =  ^  (T2  -  T3  -  T3  -  T4) 

Cz  Rz  R3 
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<n‘4  -  ^  (T3  -  T4  -  T4  ••  TS) 

>  C3  R3  R4 

Using  this  as  an  Iterative  model*  time  response  curves  were  generated.  By 
non-dimensional 1  zing  the  model  output,  the  model  could  be  geometrically 
adjusted  to  match  the  time  response  curve  of  the  real  gage.  Figure  7  shows 
how  closely  the  computer  model  matches  the  real  gage  response  to  a  step 
Input. 

Assuming  that  the  model  Is  correct.  It  could  be  used  to  simulate 
various  response  characteristics  that  would  be  expected  from  the  real  gage. 
As  long  as  both  the  model  and  the  real  gage  data  are  In  non-dimensional  1  zed 
form,  the  response  of  the  gage  will  always  be  the  same.  This  being  the 
case,  the  slope  at  a  point  on  any  reasonably  smooth  curve  will  correspond  to 
a  fraction  of  the  steady  state  value.  Figure  8  shows  an  example.  This 
Implies  that  for  a  general  curve  the  Instantaneous  steady  state  value  can  be 
approximated  since  the  ratio  of  the  temperature  difference  to  the  steady 
state  temperature  difference  Is  an  Instantaneous  constant  (h),  where 
h  ®  18 
Oss 

Using  a  non-dimensional  model,  a  computer  program  was  written  which 
matched  the  slope  of  a  particular  output  with  the  corresponding  slope  on  the 
model.  That  slope  Identified  what  fraction  of  the  steady  state  Input  the 
gage  had  attained.  This  process  was  repeated  for  numerous  points  along  the 
output  curve. 

To  test  the  accuracy  of  this  technique,  the  model's  response  to  several 
types  of  known  Inputs  was  generated.  The  slope-height  technique  was  then 
applied  to  these  response  curves  to  see  If  It  could  accurately  predict  the 
Input.  Figure  9a  Is  the  model  response  to  Intermittent  step  waves  of  equal 
magnitude.  It  can  be  seen  that  the  past  history  of  the  response  does  affect 
the  current  gage  response.  Figure  9b  also  shows  that  some  error  exists  In 
the  technique.  This  error  could  be  compensated  for.  If  necessary;  however, 
for  a  single  pulse  this  compensation  Is  not  needed.  Figure  10  shows  how  the 
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computer  program  handled  step  Inputs  of  varying  magnitude. 

Figure  11  shows  how  accurately  the  program  was  able  to  predict  a  single 
pulse  square  wave.  The  error  In  this  prediction  was  very  small. 

The  actual  heat  flux  for  a  hand-grenade  explosion  In  an  APE  1202 
barricade  was  predicted  from  test  data.  Figure  12a  shows  the  data  with  time 
In  milliseconds  and  the  heat  flux  Indicated  (after  smoothing)  as  a  fraction 
of  the  calibrated  flux  on  the  gage  (0.44  cal/cm  sec).  Figure  12b  shows  what 
the  actual  heat  flux  was  predicted  to  be.  It  can  be  seen  that  the  maxlmun 
heat  flux  Is  about  seven  times  the  flux  Indicated  by  the  gage.  This  figure 
also  shows  two  distinct  Impulses  to  which  the  gage  may  have  been  exposed. 

The  two  pulses  shown  In  Figure  12b  may  be  Interpreted  as  radiation  and 
convection  fluxes,  respectively.  This  may  be  real  since  the  pressure  wave 
takes  longer  to  reach  the  gage  than  the  initial  radiant  burst  of  energy.  By 
knowing  the  actual  distance  the  gage  was  from  the  explosion,  the  beginning  time 
of  this  Impulse  could  be  calculated  to  verify  the  prediction. 

Figure  13  shows  Interesting  contrasts.  If  the  Input  data  Is  not  taken 
as  a  smooth  pulse.  This  figure  Indicates  that  the  maximum  flux  was  only  4 
times  the  gage  value.  This  result  seems  to  put  the  extremely  high  magnitude 
of  7  times  the  gage  value  In  question.  Good  Judgment  would  seem  to  suggest  that 
the  actual  value  Is  somewhere  between  the  two.  In  other  respects,  this  predicted 
heat  flux  Is  quite  similar  to  that  shown  In  Figure  12. 

This  slope-height  technique  Is  one  way  to  determine  the  actual  heat  flux 
given  the  temperature- time  response  of  a  heat  flux  gage.  This  method  does 
have  Inherent  errors  that  seem  to  multiply  for  multiple-step  Inputs. 

However,  for  one  or  two  pulses.  It  seems  to  do  a  very  good  job.  For  general 
Interpretation  of  data  the  technique  appears  to  be  satisfactory,  since  more 
rigorous  mathematical  approaches  are  very  laborious  and  time-consuming. 

Another  solution,  to  the  problem  of  "given  an  Indicated  heat  flux,  what 
was  the  source  heat  flux?"  was  developed.  This  slope  method  Is  based  on  the 
Idea  that  the  response  of  the  gage  to  a  step  Input  can  be  represented  by  a 
single  exponential  rise  curve  and  that  the  time  constant  for  the  Instrument 
Is  known.  That  Is.  assume'Tc  Is  good  Indicator  of  1  lump,  1.e.,Tci« 

'fc2  for  pulses  where  pulse  width  <  1/4 Td. 
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Thus,  Figure  14,  shows  the  step  by  step  method  of  proceeding  through 
this  technique. 

This  method  shows  some  promise  and  Is  still  being  developed.  It  Is 
similar  to  the  Howell 'Woodland  method,  but  much  simpler  to  reduce  data.  All 
three  methods  need  refining  but  they  all  show  promise. 


Several  tests  were  done  at  Tooele  Artqy  Depot,  Tooele,  Utah,  where  a 
constant  heat  flux  was  Impinged  on  the  back  of  a  large  camera  aperture.  The 
opening  was  fixed  In  size  and  the  time  setting  was  varied  from  1/4  to  1/125 
of  a  second.  The  heat  flux  gage  was  shaded  by  the  shutter  and  exposed  for  1 
sec  (to  get  the  steady  state  reading)  then  In  sequence  1/4,  1/8,  1/15,  1/30, 
1/60  and  1/125  of  a  second.  The  areas  of  the  response  curves  were  measured 
with  a  planimeter.  These  values  were  plotted  versus  time  and  the  result  was 
a  straight  line  going  through  the  origin,  as  shown  In  Figure  15,  Indicating 
that  the  total  energy  was  registered  by  the  heat  flux  gage,  even  If  the 
Instant  rate  was  not  registered.  This  was  also  proven  using  the  analytical 
model . 

0 
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The  next  phases  of  our  heat  flux  studies  will  Include  the  following; 

1.  Test  several  different  manufacturer's  heat  flux  gage  types  and 

models. 

2.  See  If  developed  modeling  techniques  can  be  used  on  these  sensors. 

3.  Perform  statistical  testing  for  more  accurate  evaluations  of  the 
modeling  techniques. 

4.  Establish  rules  of  thumb  If  possible. 

5.  Study  the  temperature  of  the  surface  of  skin  for  various  generated 
heat  flux  square  waves  to  get  Tj  vs  Qtotal  (•/qdli. 

6.  Do  skin  modeling  and  look  at  temperature  rise  of  skin  due  to 
generated  square  waves  of  heat  flux. 

7.  Generate  envelop  of  q  vs  T  from  energy,  pressure,  temperature, 
volume,  etc. 

When  we  feel  that  we  can  adequately  model  the  heat  flux  measurements, 
we  will  present  our  findings  to  the  U.S.  Army  Armament  Command  for  review 
and  possible  revision  of  the  heat  flux  section  of  MIL-STO-398. 
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FI3URE  3  TYPICAL  HEAT  FLUX  RESPONSE 
SCHMIDT  BOELTER  TYPE  GAGE 


FIGURE  4  COMPUTOR  MODEL  OF 
SCHMIDT-BOELTER  TYPE  HEAT  GAGE 


FIGURE  5  RESULTS  FROM  COMPUTOR  PROGRAM  TO  BACK  OUT  INPUT 
HEAT  FLUX  KNOWING  GAGE  OUTPUT 
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FIGURE  6  M.  HOWELL/B.  WOODLAND 
COMPUTOR  MODEL 


FIGURE  8  TECHNIQUE  USED  FOR 
M.  HOWELL/B.  WOODLAND  MODEL 
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FIGURE  15  CAMERA  APERTURE  OPEN  TIMES  VS 
AREA  UNDER  HEAT  FLUX  GAGE  OUTPUT  WAVES 
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DEVELOPMENTS  IN  SHEARING 
OF 

ArtIUNITION  FOR  DEMIL 


KENNETH  0.  RHEA,  JR. 

DIRECTORATE  FOR  AMMUNITION  EQUIPMENT 
TOOELE  ARMY  DEPOT,  TOOELE,  UTAH 
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INTRODUCTION 

\iAmnun1t1on  Shearing  originated  In  1969  to  aid  In  the  demll  of  M125 
boinblets.  The  success  of  that  operation  laid  the  ground  work  for  more 
testing  and  the  development  of  new  equipment.  Shearing  munitions  has  been 
proven  effective  In  reducing  or  eliminating  high  order  detonations  while 
demining  sheared  or  punched  ammunition  Items  In  a  deactivation  furnace. 
Shearing  has  also  been  used  to  reduce  the  size  of  MSS  and  M61  chemical 
rockets  by  sectioning  Into  seven  sections.  The  sections  can  then  be 
demll led  In  a  deactivation  furnace.  Ammunition  shearing  Is  a  fast  and 
efficient  method  of  expanding  the  capabilities  of  the  APE  1236  Deactivation 
Furnace. 


HISTORY  OF  SHEARING 

Early  work  with  the  operation  of  shearing  munitions  centered  around  the 
demll  of  Ml 25  chemical  bomblets.  The  bomblet  burster  contained  .55  pounds 
of  tetryl,  and  was  housed  In  the  empty  bomblet  during  the  furnace  demll. 
Burning  82  bomblets  without  shearing  the  burster  resulted  In  60%  high  order 
detonations.  A  series  of  tests  of  different  punching  and  shearing 
techniques  finally  resulted  In  eliminating  all  high  order  detonations  by 
completely  severing  the  burster  by  shearing. 

Based  on  the  results  of  the  testing.  It  was  felt  that  this  technique 
could  possibly  be  used  on  other  Items  to  reduce  or  eliminate  damaging  high 
order  detonations  In  the  deactivation  furnace. 

The  next  series  of  tests  were  conducted  In  1971  on  M384  and  M406  40MM 
grenades.  In  these  tests  It  was  determined  that  complete  severance  of  the 
Items  was  not  required.  Best  results  were  obtained  by  merely  stabbing  the 
projectile  5/8"  deep  to  expose  the  filler.  Burning  tests  Indicated  a  91% 
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reduction  In  high  order  detonations.  See  Figures  1  and  2  for  Vpicol 
results.  Tests  were  then  run  using  M26  Hand  Grenades,  M21A4  boosters  and 
M502  Artillery  F  booster  with  similar  results.  See  Figures  3  through  7. 

In  1975,  design  was  begun  on  a  pilot  model  production  machine.  The 
machine  employed  a  nylon  block  with  a  machined  cav11;y.  Figure  8,  to  Insure 
support  and  accurate  placement  of  the  shear  tool.  The  machine,  requiring  a 
7  step  operation,  would  be  controlled  by  a  programmable  controller.  Figure 
9.  A  single  station  machine  was  built  and  tested.  A  second  station  was 
then  added  to  Increase  the  production  rate  to  8  rounds  per  minute.  The  two 
station  machine  was  then  housed  In  an  operational  shield  that  had  been 
tested  and  proven  acceptable  under  the  requirements  of  Mil  Std  398  for  up 
to  8  ounces  of  TNT. 

Latest  developments  In  shearing  Involve  the  sectioning  of  MSS  and  M61 
chemical  rockets  Into  seven  sections  then  destroying  the  sections  In  a 
furnace.  This  equipment  will  be  Installed  In  the  Chemical  Agent  Munitions 
Oemll  System  (CAMOS)  at  Tooele  Army  Depot. 

The  design  has  been  completed  on  a  three  station,  six  cavity  shearing,  and 
burning  facility  for  Mississippi  Army  Ampnunitlon  Plant,  Figure  10.  This 
equipment  will  be  used  to  destroy  manufacturing  line  rejected  M42/46 
grenades  at  a  rate  of  24  per  minute. 


PURPOSE  OF  SHEARING 

There  are  three  reasons  for  shearing  munitions  before  demllling  them 
In  the  deactivation  furnace.  They  are: 

1- To  reduce  the  number  of  high  order  detonations  In  the  furnace. 

2- To  reduce  the  size  of  an  Item  entering  the  furnace. 

3- To  allow  lower  operating  temperatures  In  the  deactivation  furnace. 


FIGURE  1  -  40MM  GRENADES  BURNED  NOT  PUNCHED 

26i 


FIGURE  3  -  40MM  GRENADE,  M406  PUNCHED  AND  BURNED 
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FIGURE  8  -  MUNITION  HOLDING  BLOCKS 
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FIGURE  9  -  PROGRAMMABLE  CONTROLLER 
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FIGURE  10 


.  3  STATION,  6  CAVITY  SHEAR  FACILITY 


High  order  detonations  In  the  furnace  can  be  very  damaging, 
particularly  If  they  occur  on  a  continuing  basis.  Not  only  Is  there  risk 
Involved  in  blowing  out  the  flame  and  allowing  Items  to  exit  the  furnace 
that  may  not  be  completely  demllled,  but  the  equipment  Is  subjected  to 
unnecessary  strain.  Though  the  retort  can  withstand  a  2  to  3  pound 
detonation,  this  occurance  can  cause  bulges  and/or  cracking. 

The  overpressures  created  by  detonations  weaken  and/or  distort  the 
dampers  In  the  air  pollution  control  system.  The  production  rate  on  Items 
known  to  detonate  high  order  must  be  reduced  to  protect  the  equipment. 
Shearing  or  punching  ammunition  Items  will  greatly  reduce  or  eliminate 
detonations  by  allowing  the  exposed  explosive  to  Ignite  and  burn  before 
pressures  and  temperatures  reach  the  detonation  stage.  The  production 
rate  can  therefore  be  Increased  by  punching  or  shearing  the  munition 
Item. 

To  Insure  derail  of  a  detonating  Item  In  the  center  (heavy  duty) 
retorts,  often  the  operating  temperature  must  be  Increased.  Since  the  bag 
house  In  the  Air  Pollution  Control  System  Is  limited  In  the  temperature  it 
can  withstand,  the  lower  the  temperature  a  furnace  can  operate  at,  the 
better.  High  furnace  temperatures  also  create  problems  by  melting  metal 
such  as  aluminum  and  magnesium  that  are  much  more  easily  handled  while  In 
a  solid  state.  Exposing  the  explosive  filler  by  shearing  creates  a 
condition  for  Igniting  at  lower  temperatures;  and  the  explosive  burning  Is 
a  much  more  easily  controlled  method  of  derail. 

Using  a  shear  operation  to  reduce  the  size  of  an  Item  Increases  the 
usability  of  the  deactivation  furnace.  In  the  case  of  the  M55  and  M61 
rockets,  the  fuze,  burster,  rocket  motor  and  Igniter  are  all  separated  and 
reduced  to  a  size  the  furnace  can  handle.  Figures  11  through  13.  The 
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FIGURE  12  .  M61  ROCKET  SECTIONS 
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rocket  shipping  container  Is  82"  long  and  5"  diameter.  The  proposed 
shearing  operation  sections  the  rocket  housed  In  the  container  Into  seven 
sections  that  are  easily  handled  by  the  furnace. 

SHEARING  ADVANTAGES 

Exposing  explosive  filler  or  reducing  the  size  of  an  Item  can  be  accomp¬ 
lished  In  several  ways  Including  sawing,  drilling,  flyc^ttlng  or  disassembly. 
Shearing  has  strong  advantages  over  these  other  methods.  Shearing  Is  a 
relatively  fast  operation  as  opposed  to  sawing,  drilling  or  disassembly. 

The  shear  operation  can  be  accomplished  utilizing  a  relatively  simple 
machine.  The  operation  produces  little  or  no  metal  chips  and  does  not 
require  any  form  of  coolant. 

However,  like  other  methods  of  exposing  the  explosive,  shearing  or 
punching  creates  loose  or  powdered  explosive  that  must  be  cleaned  up 
almost  continually;  and  special  problems  are  created  In  handling  an  Item 
containing  exposed  explosive. 


DEVELOPMENT  OF  THE  SHEAR  PROCESS 

Development  of  the  shear  process  centers  around  maintaining  less 
energy  Input  to  the  Item  than  Is  required  to  detonate  the  explosive 
filler.  Several  factors  have  bearing  on  this.  They  are: 

1 - Thickness  of  material  to  be  penetrated. 

2- Type  of  material  to  be  penetrated. 

3- Requ1red  size  of  the  penetration. 

4- Type  of  explosive  being  penetrated. 

5- Type  of  penetration,  I.e.  round  hole,  triangular  hole, 
complete  sectioning. 
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Because  of  the  many  factors  Involved,  each  candidate  must  be 
considered  on  a  case  by  case  basis. 

Considerable  effort  has  been  made  to  determine  the  best  possible 
shear  blade  design.  Though  other  designs  may  be  better  on  Items  not  yet 
tested,  generally  the  tool  that  has  proven  the  most  successful  Is  a 
single  sided  wedge  shaped  tool  with  the  cutting  edges  sweeping  back  30** 
from  the  point,  Figure  14.  Several  designs  have  been  tested  Including  a 
double  sided  tool,  single,  straight  cutting  edge  tool,  and  single  sided 
rounded  cutting  edge  tool.  For  punching  the  M42/46  grenades,  a  standard 
round  punch  Is  used.  The  standard  punch  Is  ground  to  a  slightly  rounded 
tip  3/8"  In  diameter.  This  tool  Is  strong  and  most  effective  for 
punching  the  grenade  body  and  continuing  on  to  deform  the  shaped  charge 
and  expose  the  explosive. 

Development  of  the  shear  process  has  not  been  without  Incident. 

While  searching  for  the  optimum  punching  location  on  M42  grenades,  16 
high  order  detonations  resulted. 

Tests  of  shearing  the  M61  rockets  using  a  straight  edged  blade 
resulted  In  Ignition  of  the  rocket  motor.  A  single  sided  wedge  shaped 
tool  with  swept  back  cutting  edges  has  proven  the  best  In  this  case 
also. 

CURRENT  CAPABILITIES 

Currently,  the  APE  2196  Munition  Shear  Machine,  Figures  15  through 
18,  design  can  handle  small  munition  Items  up  to  3  Inches  by  3  Inches  by 
8  Inches  In  size.  The  operational  shield  has  been  proven  affective  In 
protecting  the  operator  against  an  8  ounce  TNT  detonation  of  an  offensive 
grenade  or  a  5.89  ounce  Comp  B  detonation  of  a  fragmenting  grenade. 
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FIGURE  14  ■  SHEAR  BLADE 
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Accessory  kits  are  available  for  shearing  M26  grenades  (without  fuze), 
M21A4  boosters,  M502  artillery  fuzes  with  M21A4  boosters,  M384  and  M406 
40HM  grenades,  and  M42/46  shaped  charge  grenades. 

As  shearing  can  be  used  to  reduce  the  size  of  an  Item,  ar\y  Item 
that  can  be  reduced  to  a  six  Inch  diameter  and  22  Inch  length  for 
feeding  Into  the  furnace  Is  a  possible  candidate  for  a  shearing  and 
burning  demll  operation.  The  furnace  Is  also  limited  In  explosive 
amount  to  5  pounds  per  flight,  which  must  be  considered  when  shearing 
large  Items  for  demll. 

CONCLUSION 

Shearing  munitions  for  burning  Is  a  proven  method  of  expanding  the 
deactivation  furnace  capability.  Particularly  where  open  air  detonation 
Is  limited,  a  shearing  and  burning  operation  could  be  utilized  for 
destruction  of  small  and  medium  sized  explosive  filled  Items. 
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Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  Maryland  20910 

V 

The  Naval  Explosives  Safety  Improvement  Program  (NESIP) ,  Milestone  II-l, 
has  as  Its  objective  the  examination  of  Naval  munitions  In  the  quantities 
and  scenarios  experienced  on  Naval  waterfronts,  to  determine  fragment  and 
blast  hazard  ranges.  This  paper  will  review  the  organization  of  the 
program,  discuss  several  of  its  major  on-golng  testing  programs,  review 
some  of  Its  many  past  accompllshements,  and  discuss  Its  relationship  with 
the  Navy's  Weapon  System  Explosive  Safety  Review  Board.  Specifically,  the 
paper  will  review  findings  and  testing  concerning  hazard  ranges  and 
sympathetic  detonation  of  bombs  and  torpedoes  In  the  open  and  torpedoes  In 
certain  classes  of  ships.  It  will  discuss  analytic  studies  of  several 
Navy  Weapon  Systems  Including  the  Penguin  Missile  System  and  the  Destructor 
MK  14  MOD  0.  In  addition  It  will  present  previously  unpublished  fragment 
velocity  data  taken  from  the  NESIP  data  base. 
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The  Chief  of  Naval  Operations  Initiated  the  Naval  Explosives  Safety 
Improvement  Program  (NESIP) .  In  1974,  the  program  was  established  for  the 
purpose  of  assessing  the  Navy's  compliance  with  DDESB  standards  on  explosive 
handling  waivers  and  explosive  safety  problems  in  general.  A  collateral 
objective  was  to  develop  military  construction  programs  to  eliminate  such 
problem  areas  where  possible. 

The  scope  of  the  entire  current  NESIP  effort  is  shown  in  a  breakdown  of 
tasks  by  Milestone  number  in  Table  1 .  This  paper  will  deal  solely  with 
Milestone  ll-l,  "Prosecute  Naval  Explosive  Safety  Test  (NEST)  Program." 

This  Milestone  (ll-l)  has  as  its  objective  the  examination  of  Naval 
munitions.  In  the  small  quantities  handled  on  Naval  waterfronts,  and  in  the 
several  explosive  handling  scenarios  which  are  experienced,  to  determine 
fragment  and  blast  hazard  ranges.  The  ultimate  goal  is  the  reduction  of 
explosive-safety  quantity-distance  (ESQD)  arcs  which  must  be  applied  to  small 
quantity  handling  evolutions.  These  define  the  basic  scope  of  the  program. 

The  program  deals  with  handling  scenarios:  transportation,  loading,  topping 
off,  etc.  It  is  also  generally  limited  to  small  quantities  of  munitions. 

Small  in  the  context  of  transportation  and  handling  scenarios  generally  means 
no  more  than  1500  pounds  Net  Explosive  Weight  (NEW).  (Note:  The  handling  of 
small  quantities  of  munitions  excludes  major  facilities  such  as  the  Naval 
Weapon  Station,  Yorkto;.ni;  It  does  include  facilities  such  as  those  located 
at  Charleston  and  San  Diego) . 

In  the  past,  the  Navy  has  operated  under  Explosive  Safety  Quantity- 
Distance  (ESQD)  waivers  at  most  of  its  tidewater  port  complexes  during  explo¬ 
sive  handling  operations  which  are  necessary  to  maintain  fleet  operational 
readiness  requirements.  Much  of  the  problem  that  brought  about  the  imposition 
of  these  waivers  in  the  first  place  resulted  from  the  application  of  Department 
of  Defense  Explosive  Safety  Board  (DDESB)  general  standards  to  specific  Navy 
operations  at  these  ports  —  operations  that  are  less  severe  and  more  limited 
in  scope  than  those  to  which  the  DDESB  standards  are  generally  applied.  These 
DDESB  standards,  as  interpreted  by  the  Navy  are  an  ESQD  arc  of  "...  670  feet 
for  100  pounds  NEW  (New  Explosive  Weight)  or  less.  For  101  to  30,000  pounds 
NEW,  the  minimum  distance  will  be  1250  feet  unless  it  can  be  shown  that  fragments 
and  debris  from  structural  elements  of  the  facility  or  process  equipment  will 
not  present  a  hazard  beyond  the  distance  specified..."^ 

The  Navy  recognizes  the  necessity  of  maintaining  adequate  safety  standards. 
Moreover,  it  accepts  the  DDESB  criteria  for  acceptable  hazards.  These  criteria 
are: 


1.  Less  than  1  psi  blast  overpressure,  and 

2.  A  hazardous  fragment  flux  evaluated  for  the  ground  surface  area  of 
less  than  one  hazardous  fragment  per  600  ft2,  A  fragment  is  considered 
hazardous  if  it  has  an  impact  energy  of  58  Ib-ft  or  greater. 

It  is  recognized  that  the  DDESB' s  policy  is  to  make  changes  in  the  ESQD 
tables  if  it  is  demonstrated  that  the  new  arcs  for  each  specific  scenario 
are  realistic  and  do  not  compromise  safety. 


^Ammunition  and  Explosives  Ashore:  Safety  Regulations  for  Handling,  Storing, 
Production,  Renovation,  and  Shipping,  NAVSEA  0P5,  Vol.  1,  Rev  10,  1  Nov  1981. 
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In  essence  theni  each  Naval  munition  or  weapon  system  must  be  examined 
to  answer  the  following  questions: 

1.  Given  the  detonation  of  one  round,  what  are  its  effects  on  any 
surrounding  rounds?  Will  the  surrounding  ordnance  sympathetically 
detonate?  What  is  the  Maximum  Credible  Event  (MCE)? 

2.  For  the  MCE,  and  applying  the  DDESB  standards  given  above,  what  is 
an  appropriate  ESQD  arc? 

The  approach  has  been  two-fold  —  analytical  and  experimental.  Predictions 
are  made  using  the  analytical  techniques  developed  for  this  program.  These 
predictions  are  then  verified  experimentally.  When  the  theory  is  Inadequate, 
it  is  developed/refined  and  experimental  tests  are  conducted  to  determine 
relationships  from  the  data.  The  analytical  techniques  form  the  NESIP  Technology 
Base,  which  was  described  by  Porzel^  at  the  1980  DDESB  seminar.  Currently, 
approximately  60%  of  the  effort  is  analytical  and  A0%  experimental.  At  the 
onset  of  the  program,  all  analyses/predictions  were  verified  experimentally 
(100%  testing).  As  the  results  of  these  analyses  and  predictions  were  compared 
with  the  experimental  data,  it  became  obvious  chat  less  testing  would  be 
required.  In  every  case  in  which  differences  occur  between  the  Technology  Base 
predictions  and  Che  experimental  results,  the  Technology  Base  has  been  more 
conservative  (l.e.,  required  a  larger  ESQD  arc).  Because  of  the  development 
of  the  Technology  Base,  answers  to  ESQD  problems  can  now  be  obtained  much  more 
easily  and  reliably.  The  technology  is  now  well-developed  and  operable.  It 
is  used  for  analysis  and  test  guidance.  Together  —  analysis  and  tests  —  they 
are  giving  the  answers  to  the  questions  asked:  "What  are  the  ESQD  values  for 
specific  Navy  Scenarios?" 

Because  of  the  development  of  the  Technology  Base  and  its  successful 
application,  the  CNO  introduced^ t A  in  1979  a  mandatory  requirement  that  all 
programs  for  the  development  and  introduction  of  new  weaponry  into  the  fleet 
Include  analyses  developed  by  the  NESIP  and/or  verifying  tests  (as  recommended 
by  NESIP)  to  insure  the  timely  availability  of  hazard  information  for  review 
by  the  Weapon  Systems  Explosives  Safety  Review  Board  (WSESRB) .  The  CNO  specifi¬ 
cally  tasked  Milestone  II-l  of  the  NESIP  to  assess  the  sympathetic  detonation 
characteristics  and  the  explosion  hazard  effects  of  weapon  systems  that  are 
presented  to  the  WSESRB.  These  efforts  are  to  be  funded  by  the  weapon  systems 
project  managers.  If  the  weaponry  is  found  to  be  unacceptably  hazardous, 
then  the  NESIP  Milestone  II-l  is  to  fund  an  effort  to  reduce  the  hazard  to  an 
acceptable  level. 


2 

Porzel,  F.  B.,  "Technology  Base  of  the  Navy  Explosives  Safety  Improvement 
Program,"  Minutes  of  the  Nineteenth  Explosives  Safety  Seminar,  Los  Angeles,  CA, 
11  September  1980. 

^CNO  Itr  Ser  A11F/316A99  of  5  Feb  1979. 

^NAVSEA  Itr  0AH3/EAD  Ser  363  of  22  May  1979. 
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In  1978,  Petes  presented  an  outline  of  this  milestone  and  certain  of 
Its  accomplishments.  Table  2  presents  a  summary  of  the  weapons/scenarios  which 
have  been  examined  (analyzed  and/or  tested)  since  the  program  Inception. 

Many  of  these  findings  have  been  reported  previously  In  some  detall2*6-15 
In  the  open  literature. 


Petes,  J.,  "The  Navy's  Explosive  Safety  Improvement  Program  for  Pier  Side 
Munitions  Operations,"  Minutes  of  the  Eighteenth  Explosives  Safety  Seminar, 

San  Antonio,  TX,  12-14  September  1978. 

^Porzel,  F.  B.,  "Design  of  Lightweight  Shields  Against  Blast  and  Fragments," 
Minutes  of  the  17th  Explosives  Safety  Seminar,  DOD  Explosives  Safety  Board, 
Denver,  CO,  1976. 

^Porzel,  F.  B.,  "A  Model  and  Methods  for  Control  of  Sympathetic  Detonation," 
Minutes  of  the  Eighteenth  Explosives  Safety  Seminar,  DOD  Explosives  Safety 
Board,  San  Antonio,  TX,  Sep  1978. 

O 

Martin,  G.  H. ,  "The  Explosives  Hazard  Presented  by  the  Torpedo  Magazine  of 
a  Guided  Missile  Frigate  (FFG  Series)  During  Pier-side  Topping-Off  Operations," 
19th  DDESB  Seminar,  Los  Angeles,  CA,  Sep  1980. 

q 

Connor,  J.  G.,  "Hazards  from  Accidental  Explosions  In  Submarine  Tender 
Workshops,"  Minutes  of  the  Nineteenth  Explosives  Safety  Seminar,  DOD 
Explosives  Safety  Board,  Sep  1980. 

^%ard,  J.  M. ,  "Simulated  Tomahawk  Missile  Handling  Arc  Test  Results,"  Minutes 
of  the  Eighteenth  Explosives  Safety  Seminar,  DOD  Explosives  Safety  Board, 

San  Antonio,  TX,  Sep  1978. 

^^Ward,  J.  M. ,  "Blast/Fragment  Hazards  Associated  with  Accidental  Explosion  of 
a  MK  82  Bomb  Pallet,"  Minutes  of  the  Nineteenth  Explosives  Safety  Seminar, 

DOD  Explosives  Safety  Board,  Sep  1980. 

1  0 

Porzel,  F.  B.  and  Ward,  J.  M. ,  "Safety  Analyses  of  the  Machrlhanlsh  Magazine," 
NSWC  TR  79-359,  Naval  Surface  Weapons  Center,  White  Oak  Laboratory,  1979. 

1  a 

Porzel,  F.  B.,  "Propagation  of  Explosions  in  the  Machrlhanlsh  Magazine: 
Vulnerability  of  Thln-Cased  Munitions  to  Massive  Debris,"  Vol.  5,  Seventh 
Quadripartite  Ammunition  Conference,  London,  England,  Oct  1979. 

^^Swlsdak,  M.,  Jr.,  "Determination  of  the  Safe  Handling  Arcs  Around  Nuclear 
Attack  Submarine,"  Minutes  of  the  Nineteenth  Explosives  Safety  Seminar, 

DOD  Explosives  Safety  Board,  Los  Angeles,  CA,  Sep  1980. 

^^Connor,  J.  G.,  "Shields  for  Decelerating  Munitions  Fragments,"  Minutes  of  the 
Eighteenth  Explosives  Safety  Seminar,  DOD  Explosives  Safety  Board,  San  Antonio, 
TX,  Sep  1978. 
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The  remainder  of  this  paper  will  review  some  of  these  findings.  In  addition, 
some  of  the  previously  unreported  results  will  be  presented.  Other  papers 
at  this  seminar  will  discuss  still  other  facets  of  the  work.  Finally,  several 
on-golng  experimental  programs  will  be  briefly  discussed. 

A  major  emphasis  in  the  program  has  been  the  ESQD  arcs  required  for  tor¬ 
pedoes.  The  work  was  begun  with  obsolete  MK  16's  and  is  currently  continuing 
with  the  newest  MK  48's.  It  was  discovered  that  the  torpedo  warhead  fragments 
are  not  the  culprits,  since  the  warheads  are  relatively  thin-skinned.  The 
fragmentation  hazard  range  is  driven,  rather,  by  parts  of  the  truck  or  other 
vehicles  used  to  transport  the  warheads.  The  ESQD  arc  for  two  torpedoes  in 
the  open  is  within  500  feet.  When  the  torpedoes  are  placed  on  a  truck,  however, 
the  ESQD  arc  extends  well  beyond  500  feet.  This  Is  because  the  truck  becomes 
a  major  source  of  large  secondary  fragments.  Through  the  use  of  a  simple 
shield  the  warhead  detonation  was  decoupled  from  the  truck,  reducing  the  hazard 
ranges  to  an  acceptable  level.  This  simple  shield  design  is  shown  in  Figure  1.^ 

Another  part  of  the  torpedo  effort  has  been  work  done  to  reduce  the  MCE. 

At  the  spacings  generally  encountered  in  torpedo  magazines  aboard  ship,  if  one 
torpedo  detonates,  the  remainder  should  sympathetically  detonate.  The  simple 
expedient  of  nose-to-tail  stowage  (as  opposed  to  nose-to-nose  stowage) ,  as 
shown  in  Figure  2,  reduces  the  likllhood  of  sympathetic  detonation.  If,  in 
addition  to  nose-to-tail  stowage,  inhibitor  plates  are  placed  between  rounds, 
the  MCE  can  be  limited  to  one  warhead.  (Note:  sympathetic  detonation  is 
inhibited;  lower  order  reactions  such  as  burning  are  not  automatically  excluded). 
This  has  been  demonstrated  previously  for  MK  16  and  MK  46  torpedo  warheads. 

A  recently  completed  experimental  program  has  demonstrated  the  feasibility  of 
this  concept  for  MK  48  torpedo  warheads. 

It  should  be  noted  that  the  NESIP  simply  recommends  methods  of  reducing 
sympathetic  detonation  and  the  ESQD  arcs.  The  actual  design  and  retro  fit  of 
these  concepts  are  engineering  problems  that  are  being  handled  by  the  various 
ship  engineering  offices. 

As  part  of  these  same  studies,  it  was  found  that  the  OTTO  Fuel  does  not 
detonate  for  the  projected  threat  scenarios  and  thus  does  not  contribute  to 
the  MCE . 

Another  effort^^  has  involved  the  ESQD  arcs  produced  by  the  detonation  of 
pallet  loads  of  MK  80  series  bombs.  The  program  has  shown  that  if  one  H-6 
filled  bomb  in  a  standard  pallet  configuration  detonates,  the  remainder  of  the 
bombs  within  the  pallet  will  also  detonate  within  300  microseconds.  Further¬ 
more,  if  pallets  are  stacked  one  on  top  of  another  or  side-by-side  as  closely 
as  possible,  and  if  detonation  begins  in  one  pallet,  it  will  spread  to  the 
surrounding  pallets.  Thus  the  MCE  is  the  number  of  pallets  in  close  proximity 
multiplied  by  the  number  of  bombs  in  each  pallet. 

If  the  MCE  is  limited  to  a  single  pallet  (approximately  900  to  1900  pounds 
NEW  for  bombs  in  the  MK  80  series)  resting  on  a  flat  surface  in  the  open,  the 
ESQD  arc  can  be  defined  for  this  scenario.  Test  results  indicate  that  for  both 
MK  82  and  MK  83  bombs  (and  by  generalization  all  bombs  in  the  MK  80  series) , 
the  ESQD  arc  is  controlled  by  airblast  and  not  by  fragmentation.  Figure  3  is 
a  plot  of  NESIP  generated  pressure-distance  data  for  MK  80  bombs  (scaled  to  one 


pound  at  sea  level).  One  psl  occurs  at  a  scaled  range  of  56  ft/lb^/^  (approx¬ 
imately  600  feet  for  pallets  of  MK  82's  and  MK  83*8  and  700  feet  for  MK  84'8). 
As  part  of  the  NESIP  procedures,  this  data  was  compared  with  multi-source 
archival  MK  80  data  as  shown  in  the  next  figure  (Figure  4).  The  solid  line 
in  this  figure  is  the  NESIP  Technology  Base  prediction  for  H-6  (Equivalent 
Weight  of  1.3)  in  a  steel  case  (case  weight  to  explosive  weight  of  1.5).  All 
of  the  data  as  well  as  the  prediction  are  in  excellent  agreement. 

As  determined  by  NESIP  tests,  the  ESQD  arc  based  on  fragmentation  for 
single  pallets  of  MK  80  series  bombs  is  within  500  feet  (i.e.,  less  than  one 
hazardous  fragment  per  600  square  feet  ground  surface  area) .  It  should  be 
noted  that  hazardous  fragments  do  travel  beyond  500  feet  from  ground  zero. 
However,  there  is  no  physical  reason  why  the  ground  surface  areal  density 
should  be  anything  but  a  decreasing  function  with  range  beyond  500  feet  for 
these  naturally  fragmenting  bombs.  This  has  been  investigated  in  a  series 
of  tests  conducted  at  White  Sands  Missile  Range,  New  Mexico  by  the  Terminal 
Effects  Branch  of  the  Naval  Surface  Weapons  Center.  In  these  tests,  pallet 
loads  of  bombs  were  detonated  and  fragments  recovered  out  to  at  least  a  range 
of  2000  feet.  Analyses  of  these  data  are  continuing. 

A  study  was  recently  completed  of  the  PENGUIN  missile  system.  This  is  a 
Norwegian  developed  missile  utilizing  a  BULLPUP  A  warhead  as  shown  in  Figure  5. 
The  U.  S.  Navy  plans  to  configure  four  missiles  on  a  MK  3  patrol  boat,  as  shown 
in  Figure  6.  Analyses  indicate  that  if  one  warhead  detonates,  the  remaining 
warheads  and  all  the  solid  propellant  will  sympathetically  detonate.  OP-5^  and 
Porzel^  indicate  that  for  the  PENGUIN  propellant,  a  TNT  equivalency  of  25%  is 
appropriate  for  determining  the  MCE.  Based  on  a  single  missile  (warhead  plus 
propellant  contribution)  the  ESQD  arc  is  300  feet.  For  a  four  missile  (MK  3) 
configuration  the  ESQD  arc  is  485  feet.  Again  in  this  instance,  blast  deter¬ 
mines  the  arc,  not  fragmentation. 

Because  of  the  questions  raised  by  this  and  other  studies,  the  NESIP  has 
undertaken  a  program  to  determine  the  TNT  equivalency  of  several  standard 
Navy  gun  and  rocket  propellants.  The  tests  will  be  conducted  on  several  types 
of  propellants  (single  and  double  base  solid  propellants  as  well  as  two  types 
of  gun  propellants) .  Care  is  being  taken  to  maintain  that  all  charges  are 
above  their  critical  diameter  for  detonation,  and  that  the  initiation  stimulus 
is  more  than  sufficient  to  achieve  detonation  (explosive  boosters  whose  weights 
are  approximately  10%  of  the  propellant  weight  being  tested) . 

Another  recently  completed  study  is  that  of  the  Mine  Neutralization  System 
Bomblet  (DESTRUCTOR  MK  14  MOD  0)  (Figure  7).  This  is  an  underwater  bomb 
designed  to  be  dropped  from  a  submersible.  The  case  is  non-metalllc,  with  a 
nine-pound  lead  ballast  in  the  nose.  Calculations  Indicate  that  the  weapon 
in  its  shipping  container  will  mass  detonate  when  stacked  in  a  side-by-side 
configuration.  The  ESQD  hazard  range  is  determined  solely  by  airblast;  the 
case  and  container  fragments  do  not  contribute  to  the  range.  Up  to  nine  weapons 
can  mass  detonate  and  still  meet  the  desired  hazard  criteria  at  500  feet.  The 
palletized  configuration  of  this  weapon  has  not,  as  yet,  been  determined.  These 
results  will  be  used  in  defining  a  "pallet  load."  The  lead  ballast  in  the  nose 
of  each  bomblet  constitutes  a  special  fragment  hazard,  in  that  it  is  massive 


291 


and  may  be  expelled  nearly  Intact.  If  the  ballast  Is  expelled  near  an  optimum 
launch  angle,  it  could  go  up  to  four  miles.  Moreover,  the  ballast  would 
constitute  a  single  fragment  or  a  relatively  small  number  of  fragments  so  that 
the  areal  density  at  500  feet  should  not  exceed  the  acceptable  hazard  criterion. 

The  NESIP  (Milestone  ll-l)  program  effort  has  been  an  on-going  program  for 
about  eight  years.  During  this  time,  it  has  answered  safety /hazard  questions 
for  many  Navy  weapon  systems.  Moreover,  it  has  produced  a  broad  data  base  which 
can  be  applied  not  only  to  safety  problems  but  to  vulnerability  problems  as  well. 
One  example  of  this  data  base  is  the  answer  to  the  question  "What  are  the  initial 
fragment  velocities  produced  by  Navy  weapons?"  The  answer  is  usually  known  for 
fragmenting  weapons;  however,  fragmentation  data  is  usually  not  of  concern  to 
the  torpedo  designer.  Table  3  presents  a  compendium  of  NESIP  fragment  velocity 
data  extracted  from  the  data  base. 

The  results  of  the  entire  Milestone  II-l  effort  can  be  summarized  as 
follows: 

All  current  Navy  weapons  and  scenarios  which  have  been  tested  or  analyzed 
thus  far  are  either  acceptable  hazards  near  500  feet  or  could  be  made  so. 

The  program  is  continuing.  As  indicated  above,  the  emphasis  this  year  has 
been  on  problems  associated  with  submarine  tenders  (ESQD  arcs  for  workshop 
accidents  and  sympathetic  detonation  inhibitors  for  MK  48  torpedoes)  and  the 
TNT  equivalency  of  propellants.  Future  efforts  will  continue  the  propellant 
equivalency  work  and  begin  studies  of  preformed  fragment  warheads  and  LFORM 
ammunition  and  ships. 
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TABLE  1  NESIP  PROGRAM 


MILESTONE 

NO. 

TASK 

1.  OVERSIGHT  AND  REVIEW  OF  PROGRAM 

1-1 

PROVIDE  NESIP  SUPPORT  SERVICES  TO  OPNAV 

1-2 

CONDUCT  PERIODIC  REVIEWS  OF  NESIP 

1-3 

CONDUCT  AMHAZ  REVIEWS 

1-4 

MAINTAIN  WAIVER  DATA  BANK 

1-5 

MAINTAIN  CAPABILITY  FOR  EXPLOSIVES  SAFETY  INSPECTIONS/SURVEYS,  ON  AN 
IB^MONTH  BASIS,  AFLOAT  AND  ASHORE 

1-6 

REVIEW  ACTIVITY  MASTER  PLANS  FOR  EXPLOSIVES  SAFETY  IMPLICATIONS 

1-7 

COMBINED  WITH  ACTION  ITEM  1-5 

1-8 

MAINTAIN  CURRENT  THE  STANDARD  EXPLOSIVES  SAFETY  INSPECTION  CHECKLIST 

FOR  SHIPBOARD  INSPECTIONS 

II.  ISSUES  WITH  ODESB 

11-1 
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•  INCLUDES  NESTED  SHIPS 
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table  3  NESIP  FRAGMENT  VELOCITIES 


MUNITION 

EXPLOSIVE 

CASE 

MATERIAL 

CASE 

THICKNESS 

(IN.) 

AVERAGE 

VELOCITY 

(FT/S)»» 

INITIAL 

VELOCITY 

(FT/S)”* 

MK  16  TORPEDO 

. 

HBX-1 

BRONZE 

0.126 

9100 

MK  46  TORPEDO 

PBXN-103 

ALUMINUM 

0.260 

8200 

r-* 

MK  48  TORPEDO 

PBXN-103 

ALUMINUM 

0.250 

9300 

- 

5"/54 

A-3 

STEEL 

0.66 

4360 

4630 

76  mm 
(BARE) 

A-3 

STEEL 

0.66 

3630 

3680 

76  mm 

(CANNISTEREO) 

A-3 

STEEL 

0.66 

3070 

3160 

TOMAHAWK 
(BULLPUP 
WARHEAO)- 
IN  SHIPPING 
CONTAINER 

mi 

PICRATOL 

STEEL 

0.78 

6000 

7300 

MK  82 

(SINGLE  BOMB) 

H-6 

STEEL 

0.60 

6300 

8000 

MK  82 
(PALLET) 

H-6 

STEEL 

0.50 

9300 

11,500 

MK  83 

(SINGLE  BOMB) 

H6 

STEEL 

0.50 

7300 

8500 

MK  83 
(PALLET) 

H-6 

STEEL 

0.50 

10,200 

12,700 

•  EXTRAPOLATIONS  ARE  NOT  INCLUDED  FOR  THINLY  CASED  MUNITIONS 

**  AVERAGE  VELOCITIES  ARE  BASED  ON  DIFFERENT  MEASURED  DISTANCES 
FOR  EACH  MUNITION 

BASED  ON  EXPONENTIAL  VELOCITY  DECAY  MODEL 


i 

i 
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azimuth 


FIGURE  1  MINIMAL  BLAST  AND  FRAGMENT  SHIELD 


I 


FIGURE  2  NOSE-TO  NOSE  VS  NOSE  TO  TAIL  TORPEDO  ARRANGEMENT 


O  SIDE  ON  (SINGLE  BOMB) 
Q  SIDE  ON  (PALLET) 

A  NOSE  ON  (PALLET) 

□  TAIL  ON  (PALLET) 


O  I  OPEN  SYMBOLS  A^E  MK  83  DATA 
•  J  CLOSED  SYMBOLS  ARE  MK  82  DATA 

—  P  -  218.8  X"^-^ 


J _ I _ L  ■Ll  .Ll.J _ ,_JI _ I _ I _ L  i . L..U 

so  100  200 

SCALED  DISTANCE  (FT/LB^^®) 


FIGURES  NESIP  GENERATED  MK  DATA 


5  10  20  50 

SCALED  DISTANCE  IFT/LB^/®) 


FIGURE  4  COMPILED  MK  80  SERIES  AIRBLAST  DATA 


FORWARD  LID 


FIGURE  6 


FIGURE  7  MINE  NEUTRALIZATION  SYSTEM  BOMBLET  |DI 
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YIELD  AND  BLAST  ANALYSES 

WITH  A 

UNIFIED  THEORY  OF  EXPLOSIONS 


FRANCIS  B.  PORZEL 
NAVAL  SURFACE  WEAPONS  CENTER 


YIELD  AND  BLAST  ANALYSES  WITH  A  UNIFIED  THEORY  OF  EXPLOSIONS  (UTE) 


Summary 

Yield  is  the  most  significant  single  number  measured  on  any  explosion  because 
ali  effects  —sympathetic  reactions,  fragments,  blast  damage—  derive  from  it. 

UTE  offers  the  only  adequate  way  to  relate  all  explosions:  non-ideal,  any  media, 
over  all  ranges  in  air,  underwater,  underground,  confined  spaces,  heavy  cases  etc. 
The  Form  Factor  and  Lead  Time  are  new  extensions  intended  for  safety  analyses. 

A  key  idea  in  the  form  factor  is  to  define  average  energy  density  in  the  blast  wave 
relative  to  the  peak  value  at  the  shock;  it  is  the  tacit  assumption  in  scaling  now. 
Lead  Time  means  the  difference  in  TOA  between  a  sound  signal  and  a  shock  wave; 
it  scales,  is  a  sensitive  measure  of  yield  and  is  nearly  constant  at  long  range. 
Applications  include:  absolute  measure  of  prompt  and  delayed  yields  for  blast, 


sympathetic  reactions,  fragments,  propellant  yield,  surface  effects,  analysis 
with  sparse  data  and  simplified  instrumentation. 
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YIELD  AND  BLAST  ANALYSES  WITH  A  UNIFIED  THEORY  OF  EXPLOSIONS 

Francis  B.  Porzel 
Naval  Surface  Weapons  Center 

1.  LITE  Methods  for  New  NESIP  Problems 

Yield  means  the  blast  or  hydrodynamic  energy  released  by  any  explosive 

and  is  the  single  most  significant  number  to  be  measured  in  tests  of  any  explosion. 

All  effects  derive  from  yield  and  in  principle  can  be  predicted  using  it; 

*  Primary  fragments:  their  sizes,  shape,  number,  initial  velocity  of  trajectory, 

*  Close-in  blast,  regarding  both  initial  containment  and  secondary  fragments, 

*  Low  pressure  damage,  especially  to  specify  the  range  where  1  psi  occurs, 

*  All  sympathetic  reactions  -detonation,  deflagration,  burning,  their  degree- 
be  it  directly  from  blast  or  via  fragment  and  thermal  loads  it  produces. 

In  fact,  the  Maximun  Credible  Event  (MCE)  really  means  the  overall  yield. 

The  Unified  Theory  of  Explosions  (UTE)^  was  developed  for  just  such  needs. 

UTE  offers  the  only  general  way  to  describe  any  explosion:  nuclear,  non-ideal  HE, 
over  all  ranges  in  air,  underwater,  underground,  conhned  spaces,  heavy  cases  etc. 

UTE  offers  two  dozen  concepts  as  tools  to  treat  dozens  of  real  non-ideal  effects, 
nearly  all  being  unknown  or  ignored  in  idealized  classic  theory  and  hydrocodes. 

A  key  idea  in  UTE  is  "prompt  vs  delayed"  energy;  it  asserts  that  natural  processes 
release  some  energy  instantly,  some  more  slowly,  reinforcing  blast  farther  out; 
much  is  trapped  behind  the  negative  phase  too  late  ever  to  support  the  shock  front. 
This  separation  is  manifest  by  phenomena  like  afterburning,  secondary  shocks, 
and  the  most  dramatic  feature  of  any  explosion:  The  fireball  Js  delayed  energy. 

The  NESIP  Technology  Base  itself  rests  on  the  Unified  Theory  of  Explosions  and 
much  success  in  NESIP  tests  is  due  to  versatile  and  accurate  analyses  with  UTE. 

Current  NESIP  problems  now  raise  new  and  more  specific  questions  about  yield. 

For  sympathetic  reactions  and  in  the  design  of  inhibitors  to  prevent  them: 

*  How  much  energy  is  released  in  a  partial  or  in  a  low-order  detonation? 

*  What  are  the  actual  prompt  and  delayed  fractions  in  afterburning  explosives? 

*  How  to  live  with  the  large  scatter  of  pressures  measured  in  the  real  world? 

*  How  to  live  with  the  narrow  range  of  feasible,  affordable  measurements? 

*  What  are  the  absolute  energies  involved  in  various  modes  of  energy  release? 

For  hazards  involving  propellants: 

*  Vvhat  are  the  yields  of  a  propellant  on  an  absolute  basis,  detonated  alone? 

*  If  set  off  by  an  explosive  warhead,  how  much  does  the  propellant  add 

to  the  prompt  or  delayed  yield  of  the  main  explosion?  Any  new  hazards? 

To  meet  these  new  needs  for  NESIP,  two  major  advances  have  been  developed  for  UTE; 

*  A  "form  factor"  method  for  bookkeeping  the  energy  within  a  blast  wave, 

to  describe  variable  rates  of  afterburning,  notably  in  heavily  aluminized  HE. 

*  A  "lead-time"  method,  a  simple  reliable  way  to  get  yield  from  time-of -arrival. 

They  have  widespread  application  to  many  explosion  problems  for  NESIP  and  others. 

The  purpose  of  this  paper  is  to  describe  these  new  methods  briefly,  show  the  code 
and  to  test  them  by  comparisons  with  a  broad  spectrum  of  field  measurements. 


2.  Form  Factor  Concept  and  Method 


The  form  factor  F  is  defined  to  mean  Available 

the  average  hydrodynamic  energy  W+K  in  the  wave  Internal 
relative  to  their  peak  sum  E  at  the  shock  front.  + 

It  is  the  ratio  of  the  area  shown  here  as  F  Kinetic 

to  the  "square  wave"  as  if  E  were  constant  at  E  .  Energy  K 


If  we  define  the  yield  Y(R)  at  any  shock  radius  R  as  the  integrated  sum 

e. 


Y(R)  =  tipi  /  (W 
0 


+  K)r^dr 


normalize  the  integral*  multiplying/dividing  by  the  peak  overpressure  P  -P  , 

and  by  the  mean  value  of  any  factor  (like  the  available  fraction  A  of®en?rgy  at  P) 

Y(R)  =Api  R^(P.-P  )A  ✓  rW  +  Ki3r(r)^dr* 

3  soy 

0  ^  ° 


Thus  F  becomes  the  dimensionless  fraction  specified  by  the  definite  integral. 
Rigorously,  we  can  just  simply  define  a  form  factor  F  such  that 
yield  volume  ,  O'pressure  mean  A  form  factor 
Y(R)  =  (4pi/3)  R^  P  A  F 


This  definition  for  F  is  deceptively  simple  but  is  a  powerful  hydrodynamic  tool. 

Many  man-years  and  Imillions  were  spent  since  \\orld  War  11  on  elaborate  hydrocodes, 
mostly  to  calculate  pressure-distance  curves  with  highly  over-simplified  models. 

Yet,  both  A  and  F  are  readily  prescribed  by  the  overpressure  ratio  (P  /P  -1); 
so  we  can  always  obtain  the  shock  radius  R  at  any  pressure  P  simply  ^rofti 

R^  - _ _  P  =overpressure,  units  consistent  with  Y  and  R 

(ApiTTT'PAF 


To  calculate  R,  the  code  decreases  Y(R)  from  its  initial  value  Y  by  decrements 

dY  =  -Api  Q  R  dR  +  Afterburning 
losses  gains 

This  can  be  done  in  bold  steps,  decreasing  the  pressure  about  25%  at  each  step. 

The  same  steps  are  used  also  for  integrating  the  time  of  arrival  of  the  shock  wave. 

A  and  F  always  appear  together  and  here  is  an  exact  way  to  calculate  AF. 

For  exposition,  let  Q  here  mean  the  net  loss  (waste  heat)  and  gain  (afterburning). 
Then  the  ratio  of  the  dissipation  equation  (dY=)  to  the  definition  for  F  (Y=); 
dY=  -Api  Q  R,dR  3(Q/P)dR 
Y  =TApi /3)R^PAF  "  AF  R 

gives 

dY/Y  _  3GI/P  and  AF  =  3Q^ 

dR/R  ”  Af  din  Y / d 1 n  R 

The  machine  code  uses  the  local  value  of  din  Y/dln  R  from  each  previous  step, 
because  din  Y/dln  R  varies  slowly,  from  about  -.5  at  high  pressure  to  -1  at  low. 
Thus  AF  is  bounded  between  6tv/P  at  high  pressures  and  3Gi/P  at  low  pressure. 
Figure  1  shows  these  bounds  and  the  transition  region  for  the  function  AF  vs  P. 

Analysis  shows  that  AF  goes  like  A(8hock)/3  at  high  pressure,  like  AP^/3  at  low, 
and  a  suitable  approximation,  to  a  few  percent  in  Y,  without  use  of  din  Y/dln  R, 
and  with  a  single  parameter  1/3  for  both  high  pressures  and  low,  is; 

AF  5  A( shock ) 

3(1  .  P^/p)2 
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FIGURE  1.  WASTE  HEAT  FRACTION  AND  FORM  FACTOR  VS.  OVERPRESSURE 


3.  Lead-Time  Concept  and  Method 

Lead-time  is  a  time-of-arrival  method  for  measuring  yield.  With  it  we  seek; 

*  An  over-all  measure  of  the  shock  history,  sensitive  to  its  early  behavior. 

*  A  way  to  circumvent  uncertainty  in  yield  from  scatter  in  pressure  measurements. 

*  Simpler  instrumentation  than  the  sophistication  needed  for  good  pressure  data. 

Time-of-arrival  is  an  excellent  measure  for  high  pressure  supersonic  blast^’ 
but  at  low  pressure,  TOA  becomes  sonic  and  an  insensitive  measure  of  shock  strength. 
On  the  other  hand,  time-of-arrival  can  be  measured  with  exceedingly  high  accuracy. 
Let  us  then  measure  the  difference  in  time  between  the  shock  and  a  sound  signal 
and  define,  at  any  range  R; 

Lead-time  =  sound  arrival  -  shock  arrival  time 
LT  R/C  -  T 

This  quantity  ought  to  and  does  icale,  is  a  sensitive  measure  at  low  pressures. 

Best  of  all,  it  becomes  insensitive  to  the  range  at  acoustic  strength,  so  that  one 
does  not  need  an  accurate  gauge  location  —if  the  sound  arrival  is  also  measured. 

As  shown  in  Figure  2a,  the  early  shock  is  highly  supersonic:  U»C  .  There 
R  =  /Udt  or  T  =  /dR/U  are  both  sensitive  measures  of  °yield. 

If  we  plot  In  R  vs.  In  T  as  in  Figure  2b,  sound  speed  is  a  straight  line,  slope  1. 

But  the  shock  time-of-arrival  approaches  it,  partly  because  of  the  logarithmic  plot. 
Also,  tho  lead-time  ceases  to  grow  as  the  "overvelocity”  vanishes  at  low  pressure. 

As  shown  in  Figure  2c,  the  lead-time  approaches  a  scalable  constant  at  long  range. 

In  machine  calulations,  time-of-arrival  adds  up,  using  the  same  steps  as  for  Y(R); 

TOA  =  dR/U  U  -  local  shock  velocity 

Because  of  the  finite  step  size,  an  average  value  for  1/U  is  used;  thus 
"dT"  =  T|4  -T,  .  -  R,]/2 

The  time-of-arrival  and  the  lead-time  are  scaled  just  as  for  distance  scaling. 

When  the  shock  is  strong,  it  is  convenient,  and  a  more  independent  measure  to  scale 

Relative  yield  =  (Measured  TOA/reference  TOA)^. 

When  the  shock  is  weak  (below  the  transition  pressure)  we  scale  lead-times  as 
Relative  yield  =  (measured  LT/reference  LT)  . 

Figures  3  and  4  illustrate  practical  reasons  for  developing  the  lead-time  method. 

Large  scatter  in  field  pressure  measurements  is  no  doubt  real,  probably  intrinsic, 
because  a  pressure  gauge  "feels"  only  the  pressure  at  its  surface,  regardle^  of 
how  rapidly  pressure  may  vary  in  a  boundary  layer  next  to  that  surface”'  . 

Figure  3  shows  how  pressure  suffers  from  real  variations  both  in  space  and  in  time 
Spacewise,  the  dust-laden  boundary  layer,  brush,  rough  terrain  all  deplete  yield. 
Timewise,  the  shock  jets,  and  "rings"  as  it  goes,  in  patterns  that  shift  with  time. 

The  time-of-arrival  will  more  nearly  follow  the  grand-scale  average  growth 
0*  the  hemisphere  in  free  air  above  the  ground  surface,  as  idealized  in  Figure  4. 

While  some  lag  may  occur  due  to  drag  in  the  boundary  layer,  the  corresponding  error 
in  lead-time  is  not  nearly  as  severe  as  the  pressure  reduction  from  the  same  layer. 
Field  measurements  will  test  whether  this  exoectation  of  less  scatter  is  realized. 

We  also  expect  the  lead-time  will  better  "remember"  the  early  history  of  the  wave. 

If  the  explosion  starts  at  low  speed,  is  then  sustained  by  afterburning, 

the  TOA  could  be  longer,  the  lead-time  less,  than  by  an  instantaneous  explosion. 

On  the  other  hand,  compensation  occurs:  the  energetic  shock  vastes  more  energy  early 
and  after  running  a  long  time  more  slowly,  may  arrive  later  than  the  afterburner. 

UTE  form  factor  calculations  will  show  which  is  the  stronger  effect  and  how  much. 
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FIGURE  2.  LEAD  TIME  METHOD 


SLIGHT  DRAG,  DUE  TO  BOUNDARY  LAYER 


TOA  FOLLOWS  MOTION  OF  WHOLE  HEMISPHERE 
REMEMBERS  EARLY  HISTORY 

FIGURE  4.  PERTURBATIONS  ON  TIME  OF  ARRIVAL 


4.  Machine  Code  and  Printout 


Appendix  A  lists  the  compJete  code,  is  well-annotated  and  nnay  he  self-explanatory. 
Written  in  advanced  BASIC  for  a  personal  computer,  it  uses  two-diqit  variables, 
compound  statements  in  lines  etc.,  but  in  principle  could  be  copied  af«d  run  as  is. 


1  nput  parameters  appear  at  the  top  of  the,  orintout  (Tables  1,  2).  Ttoy  include: 
trial  yield  Y  ,  here  in  Joules}  4.188  lO'^^joules  =  1  KT,  4.188  10  =  1  KG, 

Mass  M  of  explosive  and  immediate  case,  their  specific  energy  H  relative  to  air, 
Initial  radius  RO:  HE  charge,  isothermal  sphere  (nuclear),  isobaric  sphere  (gas). 
Ambient  conditions:  pressure  P  ,  sound  speed  C  ,  and/or  density  D^, 

Afterburning  fraction  AB  of  Y  :  Transition  pressure  P^,  strong  to  weak  shock. 

If  any  above  are  missing,  the  cod^  usually  supplies  a  default  value  or  computes  one. 
Input  measurements  for  evaluation  of  yield  include  pressure  P,  range  X,  and/or  TOA. 


Major  Options  are  included  regarding  input  parameters,  input  data,  and  print-out. 
Input  any  3  of  4:  yield  YO,  initial  pressure  PI,  mass  M  or  specific  energy  H. 

If  any  are  omitted  (usually  P.  is  unknown),  the  code  will  calculate  it. 

If  all  are  given,  the  code  wi/l  reco<npute  H  to  make  it  consistent  with  the  rest. 

If  P,  X  or  T  data  are  omitted;  the  code  prints  predictions  anyway. 

Time  may  be  input  either  as  discrete  data  or  by  a  fitted  curve.  (So  could  distance). 
Print-outs  can  be  predictions  only,  >  diagnostics,  or  yield  analyses  with  graphs. 

Major  Computation  Blocks  (15  in  all)  are  set  off  by  remarks  in  the  LIST. 

Of  interest  as  a  guide  to  the  code,  they  are  listed  on  the  first  page  of  Appendix  A. 

Computation  Procedure.  After  the  predictions  for  conditions  at  tho  change  radius: 

IT  Select  a  new  pressure;  next  data  or  reducing  the  previous  P  by  ID"’  =  1/1.26. 

2.  Compute  waste  heat  Q,  afterburning  increment  YA,  available  energy  fraction  A, 
form  factor  w/A  as  AF,  shock  velocity  U;  all  are  functions  of  the  pressure. 

3.  Compute  yield  decrement  Yl,  afterburning  YA,,  new  yii^A  Y  =  Y.  -  Y1  +YA, 
then  iterate  for  "mass-corrected"  radius  Z  =(R"^  +  H*M)'^'  ,  then  get  R  from  Z. 

4.  Calculate  TOA  from  dT  =  dR/U,  and  new  TOA  =  old  TOA  +  dT.  ubed 

5.  Calculate  relative  yield  from  range,  essentially  as  (measured/calculated)^*^  .  y 

6.  Calculate  relative  yield  from  TOA  or  lead-time,  as  (measured/calculated)*^^  ®  . 

7.  Summarize  with  an  average  yield  relative  to  input  yield,  for  range  and/or  TOA 
including  the  standard  deviation  of  the  measured  yields  about  their  mean. 


Table  1  illustrates  a  printout  of  close-in  predictions  of  a  massless  explosions  MsO. 

The  initial  pressure  PI  and  radius  RO  mark  the  end  of  a  nuclear  radiative  phase. 

The  isothermal  sphere  implies  a  "square  wave",  i.e.  larger  form  factor  than  normal, 
nor  can  the  interior  gas  bs  accelerated  instantly  to  reproduce  a  normal  blast  wave. 
The  code  allows  it  to  do  so  gradually  by  computing  an  "inertial  mass"  as  shown. 

The  point  is:  In  a  gaseous  explosion,  spark  gap,  or  any  other  non-ideal  blast  wave, 
a  like  initial  dissimilarity  occurs  and  will  be  so  accommodated  with  all  UTE  codes. 

Ae  note  that  the  inertial  mass  found,  544  kg  S  mass  of  air  engulfed  at  that  radius. 

Table  2  illustrates  another  pririLaut  option  that  graphs  the  relative  yield  from  TOA. 

It  compares  predicted  lead-times  for  a  Mk  48  torpedo  with  the  field  test  data. 

Initial  yield  included  a  ground  reflection  factor  1.5  and  afterburning  of  PBXN  103. 

The  ambient  conditions  are  for  the  test  site  at  Socorro,  NM,  altitude  =  3200  feet. 

The  input  mass  was  1038  pounds,  essentially  the  warhead,  most  of  which  is  P8XN-i03. 
This  was  the  very  first  test  of  the  code.  The  relative  yield  is  plotted  as  T  (time). 

The  TOA  yield,  .90  predicted,  means  lead-time  itself  is  within  .y'  =.965,  3.5%. 

Also  shown,  not  plotted,  are  the  pressure  results:  relative  yield  1.099,  3.2%  in  R. 
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TABLE  1 


LNIFIEO  T>CmT  CF  0«JDSICNS  (UTE),  FtR/l  FACTCR  IvETK®  AND  TINES 
NUCXEAR  CENPOSITE  data,  NXTK  72-209 

Total  Yield  b  4.16879£-fl2  Input  mass  =  0  Input  H  *  .25 

Arbiont  presaure  b  100000  Arbiant  density  =  1.16271 

Anblent  sound  spaed  a  347  Inertial  mass  s  544.037 

Afterburning  fraction  =  0  Conplete  at  Pt/Po  =  1.99526 

O'PRESSLRE  RADIUS  YIELD  AWIVA.  TINE  LEAD  TDvE 


79432.9 

63095.8 

50118.7 

39810.7 

31622.7 

25118.8 
19952.5 

15848.9 
13600 
12589.3 
lOOQQ 
7943.29 
6309.56 
3011.86 
3981.06 
3750 
3162.28 

2511.89 
1995.26 

1584.89 


4.21063 

4.51563 

4.83647 

5.17656 

5.60958 

6.06141 

6.53499 

7.03314 

7.37917 

7.55862 

8.11427 

8.70291 

9.32753 

9.99126 

10.6957 

10.8641 

11.3621 

12.079 

12.8509 

13.6825 


.839084^ 
.818802 
.798519 
.778182 
.75347 
.728707 
. 703973 
.679343 
.663073 
.654897 
.630716 
.60686 
.583393 
.560374 
.537912 
.532836 
.510595 
.499882 
.481772 
.464255 


9.50147E-06  .0121249 

1.31606E-05  .0130002 

1.749590-05  .0139205 

2.26698E-05  .0148954 

3.00725E.05  .0161359 

3.87390.05  .0174293 

4.09312E-O5  .0187839 

6.09603E-05  .0202075 

7.01477E-05  .0211955 

7.51919E-05  .0217076 

9.20832E-05  .023292 

1.12161E-04  .0249683 

1.360650.04  .0267445 

1.64565E-04  .0286287 

1.98504E.04  .0306249 

2.07216E-04  .0311015 

2.34559E.04  .0325092 

2.70187E-O4  .0345317 

3.30994E.04  .0367034 

3.9494E-04  .0390359 


TABLE  '2 
rln 

LNIFIEO  Tl+XR/  CF  EXRX3SICNS  (UTE),  FCRvI  FACTOR  (vETKJD  AND  TINES 

irWIBITOR  TESTS  Oi  NK48  TCRPOXES,  JLhE  1982,  PRELIMINOPY  DATA  SHOT  n 

Total  Yield  =  3.85452E+09  Input  mass  =  471.252  Input  H  =  . 

Ambient  pressure  =  83000  Anbient  density  =  .991783 

Ambient  sound  speed  =  342.29  Calculated  Initial  Pressure  =  1.08279C-t-07 

Afterburning  fraction  =  .3  Conplete  at  Pt/Po  =  1.99526 

P/PO  TQA  Yield  Nbas.  T  .6  Relative  TDA  Yield  1.4 


.456874 

.884941 

.0679804  . 

T 

. 376298 

. 762048 

.0809575  . 

T 

.223453 

. 938644 

.128332  . 

T 

.201855 

.88243 

.140158  . 

T 

. 154507 

.983428 

. 176062  . 

T 

.0930362 

.933178 

. 268408  . 

T 

.0880522 

.915598 

. 280596  . 

T 

Yield,  relative  to  input  =  1.09959 

Standard  deviation,  %  =  21.1099  based  on  7  sanples,  P=>  1  psi 
IDA  Yield,  relative  to  input  =  .900038 

Standard  deviation,  TQA  yield,  %  =  7.77284  based  on  7  sanples 


5.  Test  of  Methods  with  Nuclear  and  HE  Data 

The  form  factor  and  lead-time  methods  were  tested  against  a  broad  spectrum  of  data. 
Nuclear  data  check  on  absolute  yields  by  their  radiochemical  and  hydrodynamic  yields 
and  check  the  equation  of  state  more  severely  at  higher  pressures  than  HE  reaches. 

HE  data  check  non-ideal  effects  like  large  mass,  afterburning,  and  secondary  shocks. 
Tiw  broad  range  of  data  checks  for  self-consistency  and  exposes  systematic  errors. 
Figures  6  to  10  graph  the  detailed  results  and  Table  3  summarizes  them. 

Blast  theory  is  usually  checked  against  data  by  pressure-distance  plots  like  Fig.  5. 

But  as  seen  there,  UTE  matches  composite  data  so  closely  that  graphs  are  inadequate. 
Instead,  UTE  computes  the  relative  yield  at  each  pressure  level  and  we  plot  that. 

On  Figure  5,  the  line  widths  approach  3%  in  radius,  10ft  in  yield,  too  small  to  see. 

On  Figures  6  to  10,  the  three  central  lines  are  relative  yields  of  1.0  -  10ft, 

as  if  the  graph  uf  Fig  5  were  blown  up  to  broaden  the  lines  to  the  band  width  shown. 

1  KT  Nuclear  Composite^*  ^  (Fig  6)  covers  from  13600  to  .07  bars,  10^  times.  ~ 

The  average  yield  1.024  KT  -  5.3ft  matches  the  line  width  of  the  source  curve ',j 
and  is  significant  because  the  high  pressures  are  superbly  accurate  fireball  data.^ 

The  TOA  yields  also  are  excellent  at  high  pressures;  overall  is  I.OB  KT  -  14ft. 

The  excursion  at  low  pressures  is  probably  due  to  a  fitted  time-of-arrival  curve. 

The  consistency  in  yield  is  assurance  that  the  high  pressure  UTE  equation  of  state 
is  realistic  relative  to  the  ideal  gas  law,  used  for  air  at  pressures  below  10  bars. 

KING  Fireball^  (Fig  7)  is  probably  the  best  pressure-distance  data  in  existence: 
high  yield,  air  drop,  negligible  mass  effect,  all-fission,  a  perfect  circle  fireball. 
Radiochemistry  gave  545  KT,  hydrodynamic  yield  555  KT,  fireball  scaling  595  KT. 

Here,  pressure  and  TOA  both  give  586  KT;  scatter  of  3-7%  is  round-off  error  in  data. 
This  one  test  is  definitve:  all  the  measured  data  are  digital  —no  graphing  errors. 

Nuclear  Blast  Standard  (Fig  8)  is  not  data  but  an  artifical  viscosity  hydroeode. 

The  absolute  value  of  yield  .997  KT  checks  superbly,  but  the  scatter  is  over  14ft. 

Its  initial  pressures  are  known  to  be  50ft  low.fcom  actual  fireball  theory  .a^  data. 

At  low  pressure  its  P-R  curve  decays  like  R"  *  ,  flatter  than  UTE,  P~R“  *  . 

Classic  theory  predicts  R'  ,  but  field  measurements  always  decay  much  faster. 

g 

1  KG  TNT  Composite  (Fig  9):  splendid  agreement/consistency,  up  to  the  charge,, 
and  for  .07<P/P"  <2,  the  UTE  calculation  agrees  well  with  often-measured  P~R 
The  excursion  below  .07  bars  is  probably  not  real,  but  old  data  piously  fit  to  R~  . 
the  absolute  yield  is  .714  KG,  714  cal/gm;  earlier  UTE  methods  gave  720  cal/gm. 

9 

IKG  H6  Composite  (Fig  10_)  is  a  check  with  a  heavily  aluiminized  explosive, 
where  the  afterburning  fraction  is  estimated  as  .30.  The  consistency  5%  is  suberb. 

The  absolute  yield  is  1.014  KG  HE,  or  1014  cai/g,  equivalent  to  1.4  times  TNT. 

Previous  UTE,  DSC^  (not  shown)  has  been  used  successfully  on  so  many  NESIP  and 
other  tests  that  it  is  of  interest  to  use  a  DSC  calculation  (M=0)  as  input  data  here. 
The  result:  Relative  yield  1.00000,  -  3.5%,  no  sensible  difference  between  them. 
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TABLE  3 


- METHODS 


VERSUS 


NOMINAL 


SPAN.  BARS 


YIELD  %  CONSISTENCY 


NUCLEAR  COMPOSITE 

1  KT 

13,600 

.07 

RANGE  1.029  KT 

i 

5.3 

(FITTED  TOA) 

TOA  (1.087) 

(14.8) 

KING  FIREBALL 

MB- 

1,900  - 

46 

RANGE  686 

KT 

i 

3.6 

B96KT 

TOA  686 

KT 

* 

6.8 

AIR  FORCE  1  KT  STANDARD 

1  KT 

10,000  -* 

.07 

RANGE  .997 

KT 

± 

14.6 

TNT  COMPOSITE 

1  KG 

47  - 

.07 

RANGE  .714 

KG 

£ 

8.6 

H-6  COMPOSITE 

1  KG 

8.3  - 

.16 

RANGE  1.02 

KG 

1 

5.1 

UTE  DSC  CONSTANT  V 

1 

13,600  - 

.07 

1.00006 

£ 

3.6 

INDIVIDUAL  POINTS 

‘  31 


1KT  NUCLEAR  COMPOSITE 
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FIGURE  6.  RELATIVE  YIELD  VS  OVERPRESSURE,  1  KT  NUCLEAR 


RELATIVE  YIELD  0^ 


KING  FIREBALL  566-595  KT 


PRESSURE  LEAD-TIME 


> 

result  586  KT±  3.6%  £  RESULT  686  KT  ±  6.8% 


0.6  I  ,1  L  Li.  I -1-1  .1.1 


OVERPRESSURE  RATIO  P/Pg 

FIGURE  7.  RELATIVE  YIELD  VS  OVERPRESSURE,  KING 


RELATIVE  YIELD 


AIR  FORCE  1  KT  STANDARD 
PRESSURE  PREDICTIONS 

O 

O 


O 


OVERPRESSURE  RATIO  P/P^ 


FIGURE  8.  RELATIVE  YIELD  VS  OVERPRESSURE,  AF  1KT 


FIGURE  10.  RELATIVE  YIELD  VS  OVERPRESSURE,  H-6 
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6.  MK.  48  Torpedo  Inhibitor  Tests 

7  10 

Recent  field  experiments  on  the  design  of  inhibitors  ’  for  the  Mk  48  torpedo 
provide  an  opportunity  to  test/apply  these  new  methods  to  a  typical  NESIP  problem. 

The '  test  set-up  is  shown  at  the  top  of  Table  4;  essentially,  it  was  a  donor  warhead 
flanked  by  two  acceptor  warheads,  with  inhibitor  plates  between  them,  on  each  side. 

On  one  side  the  plates  were  steel,  on  the  other  side  aluminum,  thicknesses  as  shown. 
Detonation  was  suitably  instrumented  with  witness  plates,  cameras  and  flash  panels 
and  in  a  blast  line  by  pairs  of  pressure-time  gages  near  140,  240,  300,  400  feet. 

Even  so,  critical  questions  arise  in  all  such  tests: 

If  the  witness  plate  did  hole,  did  full  detonation  of  the  entire  warhead  occur? 

If  it  did  not  hole,  could  the  charge  have  moved  and  a  delayed  detonation  occur? 

To  understand  either  case,  we  need  to  measure  the  yield  output  for  each  event. 

The  test  results  were  unequivocal  and  corroborative  among  all  the  test  evidence. 

Shots  1  and  2:  no  acceptor  detonated.  Shot  3:  the  aluminum  side  holed  in  situ. 

The  140  and  240  foot  gages  on  Shot  #3  had  double  pulses  that  coalesced  by  300  feet. 
Still  the  critical  questions  remain;  How  much  energy  did  each  shot  yield? 

Peak  pressure  results  are  compared  on  Figure  11  with  the  pre-shot  calculations. 

The  data  on  //I  seem  somewhat  low,  on  #2  somewhat  high.  But  scatter  makes  it  doubtful; 
Excepting  two  "low"  points  on  //I,  one  "high"  on  //2,  13  remaining  points  replicate. 

Shot  //3  leaves  no  doubt  the  curve  beyond  300  feet  represents  twice  the  yield. 

The  corresponding  pre-shot  estimates  and  lead-time  data  are  shown  on  figure  12. 

Now  there  is  no  doubt  that  Shot  //2  was  larger  than  #1,  nor  that  Shot  #3  was  double. 
Considering  this  was  the  first  test  of  a  lead-time  prediction  on  HE,  it  checks  well. 

Relative  yields  on  shots  1  and  2  are  plotted  on  Figures  13-14,  summarized  on  Table  4. 
Compare  the  pressure  results;  1012  KG  -  21.1%  vs.  1386  KG  -  17.9%. 

The  ratio  1386/1012  =  1.37  is  impressive,  except  that  37%  is  not  far  different  from 
the  arithmetic  or  the  Pythagorean  sum  of  deviations,  21.1+17.9.  One  is  just  not  sure. 

Now  compare  lead-time  yields:  828  KG  -  7.8%  vs.  1108  KG  -  6.8%. 

Again;  1108/828  =.  1.34  is  impressive  and  34  is  more  than  twice  any  sum  of  7.6  and  6.8 
These  confidence  levels  make  a  strong,  objective  case  for  the  merits  of  lead-time. 

As  Table  4  indicates,  the  yields  on  shot  3  were  definitely  doubled,  by  either  method, 
but  no  predictions  had  been  made  with  history  effects  for  catch-up  of  second  pulses. 

i/ve  have  yet  to  resolve  why  the  lead-time  gives  lower  yields  on  both  shots  1  and  2. 
Compare  range/lead-time;  1012/828  =  1,23  (shot  1)  and  1306/1106=  1.25  (shot  2). 

It  is  precarious  to  prognosticate  with  preliminary  data  until  they  really  do  firm  up, 
but  two  main  ideas  are  noteworthy  here:  1.  measuring  sound  velocity,  2.  reflection  . 
Among  many  ways  to  measure  sound  velocity  —absolute  temperature  +  wind  velocity, 
a  microcharge  fired  just  before  the  main  shock,  or  compute  C  from  the  P-t  data— 
all  three  differed  at  the  field  tests,  and  we  have  not  yet  resolved  why. 

On  the  other  hand,  the  lead-time  could  well  be  telling  us  a  real  fact; 

The  calculations  assumed  the  torpedo  explosion  reflected  instantly  off  the  ground. 

(Afhereas  we  know  it  must  have  run  for  some  time  as  a  free  air  explosion, 
and  was  slowed  by  the  inhibitor  plates  and  by  the  acceptor  in  that  direction. 

We  also  know  that  the  shock  is  slowed  by  the  dust-load  in  the  boundary  layer 
The  present  results  are  based  on  sound  velocity  as  calculated  from  pressure  gages. 
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TABLE  4. 

MK  48  TORPEDO  INHIBITOR  TESTS 


DONOR 


YIELD  IREFLE  1.)  CONSISTENCY 


SHOT  1  1/2“  ALUMINUM 

NOMINAL 
1000  KG 

SPAN,  PSI 

10  -  1 

RANGE:  1012  KG  t  21.1% 

5*2  3/4"  ALUMINUM 

1000  KG 

10  -  1 

TOA:  328  KG  ±  7.8% 

RANGE;  1386  KG  t  17.9% 

#3  3/8"  ALUMINUM 

1000  KG 

10  -  1 

TOA;  1108  KG  ±  6.8% 

DOUBLED. 

DOUBLED: 

PRELIMINARY  DATA  AND  ANALYSES 
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(Preliminary  Data) 

FIGURE  11.  MK  48  TORPEDO  INHIBITOR  TESTS 


MK  48  TORPEDO  INHIBITOR  TESTS 
SHOT  »1 

PRESSURE  LEAD-TIME 

o 


0.6 1  I  I  M_  l_J  0.6 1  I  1  I  I  LJ 

OVERPRESSURE  RATIO  P/P^ 

FIGURE  ia  RELATIVE  YIELD  VS  OVERPRESSURE.  SHOT  1 
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RELATIVE  YIELD 


MK  48  TORPEDO  INHIBITOR  TESTS 
SHOT  #2 


PRESSURE 

O 


LEAD-TIME 


I 


O 


RESULT:  1386  KG  ±17.9%  RESULT:  1008  KG  ±  6.8% 


OVERPRESSURE  RATIO  P/P^ 

FIGURE  14.  RELATIVE  YIELD  VS  OVERPRESSURE,  SHOT  2 


7.  Conclusions 


1.  Form  Factor.  The  form  factor  method  with  the  unified  theory  of  explosions  (LITE) 
agrees  well  with  nuclear  and  high  explosive  data,  with  earlier  methods  of  UTE 

and  offers  a  facile  way  to  describe  non-ideal  and  non-spherical  explosions. 

2.  Lead-Time.  The  lead-time  method  is  a  simply  instrumented  way  to  measure  yield 
at  high  and  low  shock  strengths,  with  much  less  scatter  than  pressure  measurements. 

UTEFORM.  Form  factor  and  lead-time  together  offer  a  new  powerful  diagnostic  tool 
to  solve  1110' unpradictably  broad  problems  which  explosion  safety  requires  such  as 
sympathetic  reactions,  early  blast  history,  unusual  afterburning  or  energy  release. 

4.  Absolute  Yield.  The  definition  10^^  cal/KT  =  10^  cal/KG  =  10^  cal/gm 

is  a  modern  rational  way  to  correlate  any  explosion:  nuclear,  chemical,  other  source. 

It  is  necessary  because: 

Different  hC's  do  not  necessarily  scale  with  each  other  nor  with  other  sources. 

That  is,  equivalent  weight  is  certainly  not  constant  at  high  shock  strengths 
and  is  not  necessarily  constant  even  at  acoustic  shock  strengths. 
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Appendix  A 


LIST  tor  UTEFORM 

Form  Factor  and  Lead-Time  Methods  \A(ith  the  Unified  Theory  of  Explosions 

Major  Computation  Blocks  by  Line  Numbers: 

0-199  Input  parameters 

200-299  Compute  PI.  given  YO  and  H 

299-300  Compute  M  or  H,  given  YO,  PI  and  either  M  or  H 

400-450  Compute  trial  Y,  if  unspecified 

450-500  Print  column  headings 

500-570  Data  processing  and  pressure  selection 

570-699  Energy  gains,  losses,  new  yield  and  range 

700-800  Equation  of  state  sub-routine 

800-850  Energy  gain  and  loss  sub-routines 

830-899  Form  factor  sub-routines 

900-999  Time-of-Arrival  sub-rountine 

1000-1400  Input  data:  pressure,  distance,  time 

1400-1500  Example:  Fitted  time-of-arrival  sub-routine  for  a  nuclear  composite. 
1500-1599  Relative  yields  from  range  and  time-of-arrival 
1600-2000  Yield,  standard  deviations  and  termination. 


Hints: 

1.  Any  consistent  set  of  units  may  be  used.  ^ 

If  energy  is  in  joules,  R  in  meters,  M  in  kg,  then  is  in  pascals  =10"^  bars. 
Line  50,  as  written,  converts  from  KT  (4  pi/3  ^lO'^^)  to  joules; 
use  line  51  to  enter  the  KT,  KG  or  cal/gm. 

2.  Change  data  with  a  line  editor,  it  will  save  retyping  the  remarks  in  that  line. 

3.  In  general,  the  variables  are  defined  by  remarks  the  first  time  used  in  the  LIST. 

4.  For  help,  call  Fran  Porzel,  202  394  1166  (office)  or  703  533  7973  (home). 
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0  J  32  'Os  Predictions,  Is  enalysla,  2,3  s  range  or  ICA  yield 

1  REM. .Any  self  consistent  gnita  may  be  used;  P  is  in  pascals  for  Y  kg,  R  nwters 
5  PRINT  "IMUCD^/UTa",  CATE$,  TINE$tIF  J-C  THEN  15 

15  PRINT  "LNIFIED  TTCOTy  CF  EXPLOSIONS  (UTE),  FORvl  F/CTDR  NCTHD  fHD  TINES" 

23  WINT  "NUCUEW  ONPaSITE  CATA,  NXTR  72-209" 

25  B  s  4*3.141592/3  'Form  factor  for  sphere}  nach.  eq  of  heat,  13.6  deg  cai. 

30  PO  s  1E5  'Arblent  pressure}  1  bar  s  1E5  pascals  slE5  kg/m/sec*2 

31  PO  s  1*P0  'Erases  possible  previous  entry 

35  EO  s  2.5  :  KO  s  1/EO  -t-l  'energy  and  adiabatic  coefficients,  ambient 

40  00  si. 1613  sCO  s  1138. 45*. 3048  'input  ambient  density  DO  or  sound  speed  CO  or  both 

41  DO  s  1.11613  'Erases  possible  previous  entry  for  Do 

43  IF  CO  >  0  TVEN  DO  s  KO«PO/CO‘2  t  GOTO  50  'Override  DO  by  equation  of  state 
46  IF  CO  =  0  THEN  CO  s  SGR(K0*P0/D0) 

50  YO  =  B*10“12  'Yield}  1  KT  *  10*12  cal  =  4pl/3*lel2  kg  m*2/m‘3/sBC‘2 

51  YO  sY0*1.0  'Relative  yields  from  earlier  runs  or  fits 

52  '  1  K1  =  10*6  cal  =  4pl/3*le6  kg  m*2/m*3/8ec*2 

53  ABs.OO  'Afterburning  fraction 

56  YO  s  Y0*(1-AB)  'Yield  before  afterburning 

60  RO  s4.2  'Radius  of  isothermal  sphere  or  charge  radius  ,  1  KT 

61  RO  s  1«R0  'Erases  possible  previous  entry 

70  H  =  .25  'specific  energy  of  debris  to  air;  use  .5  for  massive 

80  M  sO 

83  Ms  l-HvO/B/DO  'converts  mass  to  equivalent  voiirre  of  air 

85  IF  RO  =  0  TVEN  RO  =  (MQ/B/1500)*(l/3)  ELSE  86  'Replace  1500  w/  D  of  charge 

86  ZO  s  (R0*3  +M)*(l/3)  'Z  s  Sshock  radius  corrected  for  UTE  toss  effect 
90  PI  3  8E9 

93  PT  3  P0*10*.3  'Transition  pressure,  book-keep  end  of  afterburning 

95  OZ  3  3.5t  YZ  a  .5  'Default  intial  values  for  dlnO/dlnZ,  dlnY/dlnZ  (ideal) 

100  PRINT  "Total  Yield  ="Y0/(1-Aa),  "Input  mass  ='M3,  "Input  H  3"H 
120  WINT  "Arbient  pressure  3"P0,  "Arbiont  density  s"D0 
140  PRINT  "Arblent  sound  speed  s'CO, 

199  EEM . CPTICN  TO  CftLOJLATE  PI ,  GIVEN  YO  A®  H . 

200  P  3  PI  :IF  PI  >0  TVEN  300 

210  PI  3  Y0/B/Z0*3  'Trial  value;  A*F  approx  1  for  strong  shocks 
220  P  3  PI 
230  ODSIB  700 
240  fiF  3  A/3 

250  Y  3  Y0*(1-Q/P)  'Estimate  for  waste  heat  of  charge  or  isothermal  sphere 

260  P  r.  Y/B/PF/ZO-3 

270  IF  .flBS(P/PI  -1)  <.001  TI-EN  285 

280  PI  3  P:  rCTD  230  'Iterate  for  PI 

285  PC  3  PI  'Save  revised  pressure  PC  at  charge  surface 

290  PRINT  'Calculated  Initial  Pressure  s"P 
296  CDTO  445 

299  REM. . CPTICN  TO  CALCUATE  H,  GIVEN  PI  AND  Y . 

300  CDSUB  700 

315  IF  YO  =0  TVEN  400 

320  Y  3  Y0*(1-Q/P)  'Waste  heat  in  radiative  phase  or  chargew/af  r  1 

330  IF  MD>0  AC  H>0  THEN  390 
340  Z0*(Y/B/PI/4F)*(l/3) 

350  MH  3  B*D0»(Z0*3  -R0*3) 

360  IF  NO  3  0  TVEN  Ml  =  Mi/H  ELSE  380 

370  PRINT  "Inertial  toss  r'M)  j  IF  J  =  0  THEN  380 

380  IF  H  3  0  TVEN  H  =  NH/NO  ELSE  390 

385  PRINT  'Calculated  specific  energy  H  3"H 

390  M  3  VMvO/B/DO  'Corrputes  "Inertial  volume"  from  apparent  mass 
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399  KEM . OPTION  TO  CALCULATE  Y  (Neads  debugging) 

400  F  Y  »  0  THEN  Y  a  B*PI*A»F*Z0"3  ELSE  430 
405  GOTO  930 

410  YO  a  Y/(l-  PI/P0)‘(1/K  -D) 

420  PRINT  "Calculated  initial  yield  YO  ="Y0 
430  P  =  PI 

445  PRINT  "Afterburning  fraction  ="AB,  "Complete  at  Pt/Po  ="PT/P0 

450  F  J<2  THEN  PRINT"0'PRESSURE",  "RADIUS",  "YIELD", "ARRIVAL  TIME", "LEAD  TIME" 

470  F  0<2  THEN  PRINT  "  ",  "Meaeured", "Range  Yield", "Meaoured",  "TOA  Yield" 

475  F  J  =  1  THEN  PRINT  "  Q/P","  Z",  "  YZ",  "  QZ".  "  AF" 

400  IF  a  =  2  THEN  PRINT  'D'Pre88."TA8(10)"Relo  Yld"  TAa(20)"dlnY/dlnZ"  TAB(30)".6", 

490  F  J  =  3  THEN  PRINT  "P/PO"  TABCIOVTOA  Yield"  TA6(20)"Meas.  T"  TAB(30)".6", 

491  F  J  a  2  OR  3  THEN  PRINT  "Relative  Yield"  TAB(69)"1.4" 

499  REM . PRESSURE  SELECTION . 

500  READ  PX,X  :  F  PX  =  0  THEN  1600 
510  PXa  PX*1E5 

513  REM  Use  GOTO  525  with  no  measured  times  or  if  TX  is  in  seconds 
515  GOSU8  1400  'Sub-routine  for  fiited  TOA  curve 

520  TX  =  TX/1000  'Fitted  curve  was  in  milliseconds 

525  IF  P>PX  THEN  N  =  .1*INT(10*LOG(PI)/LOG(10)  )  :  GOTO  540 

526  PI  =  PX  ;  H=Q  :  XO  =X  :  GOTO  300 
530  N  =  N  -  0.1 

540  P  =  10 *N 

545  IF  AaS(PI/P  .1)<.001  THEN  530 
550  F  P  <PX  THEN  P  =  PX 
560  GOSUB  700 

570  REM, . GAINS,  LOSSES,  NEW  YIELD  AND  ARNGE . 

580  IF  QI  a  0  THEN  630  'By-pass  gain  or  loss  at  RO;  avoid  /O  error  0600 

590  YH  a  Y  +YA  'Add  afterburning;  hold  Y  as  Z  is  iterated 

595  F  QZ  a  0  THEN  605  'IF  Q  =  Ql  THEN  Z  aZI  and  Y1  =0 
600  Y1  a  3*B*QI*<Zr3)/(QZ  -3)«<1  -  (Q/Ql)'‘(l-3/QZ)) 

605  IF  P<PT  THEN  YA  a  0  'No  afterburning  beyond  transition  pressure 

610  Y  a  YH  -Y1 

630  Z  =(Y/B/P/AF)*(l/3) 

631  F  01  a  0  THEN  637 

632  IF  Q  a  QI  OR  Z  a  ZI  THEN  635  'Circumvents  repeated  pressure  problem 

633  QZ  a  LOG(QI/Q)/LQG(Z/2I) 

635  IF  ABS(Z2/Z  -  DXOOOOl  THEN  Z2  =  Z  ;  GOTO  595 
637  IF  M>Z''3  THEN  Z  =  (M  +RO''3)‘(l/3) 

640  R  a  (Z*3  -  M)*(l/3) 

645  ON  ERROR  GOTO  650  'Avoids  d/0  on  initial  pass 

646  YZ  a  LOG(YI/Y)/LOG(Z/ZI)  'Calculate  dlnY/dlnZ  for  later  use  in  870 

650  GOSUB  900.  'Get  time  increment 

660  T  a  T  +T1 
675  F  J  >1  THEN  687 
680  PRINT  P/PO,  R,  Y/YO,  T,  R/CO  -T 
687  IF  ABS(P/PX-1)<.001  THEN  GOSUB  1500 
690  F  J  a  1  THEN  PRINT"  "Q/P,  Z,  "  "YZ,  "  "QZ,  "  "AF 

696  PlaP  :  QI  a  Q  t  ZI  aZ  :  RI  =R  :UI  =US  :YI  a  YtAIaAF 
698  F  A6S(P/PX  -1)<.001  THEN  500  ELSE  530 
Ready 
> 


"QZ,  " 


699  REM . EQLATICN  CF  STATE  SUB-faLJTIT«E . 

700  P  =  P/PO  'Equation  of  state  is  described  best  by  pressure  ratio 


710  IF  P<10  n-EN  E=2.5  :GDTD  760  'E  is  ratio  =energy/PV,  i.e.epsilonh 

720  IF  P<100  TFEN  E=  2.5  +  l.SUDGCP/lOl/LOGdO)  tODTD  760 

730  IF  P<700  TVCN  E=  4.0  +  1. 55nir;(P/10n)/Ln3(7)  tCDTD  760 

740  IF  P<1000  TVEN  E  =5.55  -.55«UDG;(P/700)/LDG(10/7)  :GDTD  760 

745  IF  P<4000  TVCN  E  =5.0  -  LDG(P/1000)/LCG(4)  jQDTD  ''60 

750  IF  P<40000  TFEN  E  =  4.0  ;GD7D  760 

755  IF  P540000  O-EN  E  =  4.0  -  .67nXE;(P/40000)/lii;(2)  :GD7D  760 

760  0  =  ((2*E  +!)*(!  +P)  +1)/(P  +  2*EQ  +2)  '  density  ratio,  real  gas 

770  A  =  E*(l  -tP)/P*(l-  (l+P)'(-l/(£  +1)))  'Prorrpt  energy  factor  A  =Mtorl</(P-P0)V 


780  K  =  1/E  +1  'Same  as  epsilon  =  l/(k-l) 

790  P  =  P*P0  'qet  back  to  absolute  overpressures 

799  REM. . ENERCy  LDSS  AND  Q^IN  SUBFOiTlNE . 


800  IF  P/PO  <  .06  THEN  840  'Q  wi  1 1  soon  truncate  to  0  if  you  don't  do  this 

805  IF  P/PO  <11.3  TT€N  830  'Exact  nratch  w/  ideal  gas  a  P=11.3,  3.4 

810  L  =  .4342948*LCG(P/P0)  'convert  pressure  ratio  to  log  base  10 

820  Q  =  P0*10*((21.75-L)*(L-1)/16)  sQDTO  845  'Semi -enpiri cal  fit  for  real  air 
830  Q  =  P0*((1  +P/P0)dl/K)/D  -1)/(K-1)  iQDTD  842  'classical  adiabat 

840  Q  =P0«(K+1)«((P/P0/K)*3)''(1  -  1.5*P/P0)/12  'acoustic  dissipation 


842  IF  P>PT  TVEN  845  'Argument?  wave  form  and  losses  are  manifest  at  shock 

843  Q  =  Q*(l  +AB)  'Argument?  secondary  shock,  other  losses 

845  2P=  1/4  'dlnZ/dlnPj  assunes  YA  goes  as  volume  and  timt 

846  YA  =  AB*Y0»((PC/P)*ZP  -(PC/PI  )*ZP)/((fT:/PT)*ZP  -  1)‘ 'AB  is  prop,  to  Z-zl 

847  IF  P<PT  THEN  YA  =  0 

850  REM . fif  =  A*f  SUBRDLrriNE . 


860  IF  P>PT  THEN  Pf  =A/3/(l  +P0/P)‘2/(1  +  AB)  ?CDTO  890 

861  REM?  Strong  shock,  F=  .42,  mean  A=.8*A( shock),  /(I  +AB)  is  peaked  v«ve  form 
865  IF  VZ  =  0  TFEN  YZ  =  1 

870  IF  P<PT  THEN  flF  =3^/P/YZ  'Weak  and  second  shock,  Y2  stable 

880  IF  AF>AI  CR  AF<=0  TH^  AF=  AI  'By  passes  troubles  at  transition  pressure 

890  RETLFN 

900  REM . TlivE^"  Af«IVAL  SLB-RDUTINE . 

910  IF  P/PQ  >450  ThEN  K  =1.2  +.2«lJaG(P/P0/450)/LDG(2)  ?  ODTD  940  'real  gas  K 
920  IF  P/PO  >15  THEN  K  =  1.4  -  .2*t£G(P/P0/15)/La]l(30)?  CDTD  940  'real  gas  K 
930  K  =  KO 

940  US  =  SCR(P/D0/(1  -1/D))  'used  previous  K  to  calculate  U 

945  IF  ZI  =  0  THEN  UI  =  US  '  UI  not  yet  initialized  as  in  696 


950  LB  =  (1/US  +  l/UI)/2 

'Ntean  for  integrating  dt  as  cb</U 

960  T1  =  LB*(K  -RI) 

'Time  increment 

970  IF  ZI 

=  0  AND  P/PO  >10000  TTEN  T1 

=  .2*T1  t  ODTD  990  'Radiative  phase 

980  IF  ZI 

=  0  THEN  T1  = 

.5»T1 

'ball  park  estimate  for  detonations 

990  RETURN 

999  REM. . . 

1000  CATA  13600,  7.32, 

3750,  10.7, 

1550,  13.7 

1010  DATA 

1000,  15.5, 

510,  19.2, 

200,  25.6 

1020  DATA 

100,  32.2, 

50,  41, 

20,  57.3 

1030  DATA 

10.,  75.1, 

8,  82.4, 

6,  91.5 

1040  DATA 

5,  98.8, 

4,  108.5, 

3,  122.5 

1050  DATA 

2,  147.4, 

1.0,  208, 

.5,  302 

1060  DATA 

.2,  544, 

.10,  905, 

.07,  1200 

1400  REM .  SUB-TOLITINE  R3^  FITfED  TI^E  CF  4RRIV4L . 

1410  IF  (PX/PO)  <  500  THEN  1430 

1420  TX  =  (RX/P0/500)*(-4/5)  ?  ODTD  1490 

1430  TX  =  (RX/P0/500)*(-6/7) 

1435  TX  a  TX*TX*(LDG(TX)/175) 

1440  IF  4BS(T2/TX  -1)  <  .00001  THEN  1490 
1450  T2  a  TX  jODTD  1430 
1490  FCTVJRM 

1499  HEM . fWCE  fitC  TINE  CF  /9RRIV4L  YIELD . 

1500  IF  fi&SiP/PX.  -1)>.001  T-EN  1595  'Pasass  only  measured  points 
1510  VX=  (X*3  •(M)/Z‘3 

1533  TB  =  INT(50*VX  +  .25) 

1534  IF  TB>77  THEN  TB  =  77 

1535  IF  J  =  2  THEN  PRINT  P/PO  TAB(10)Y<  TAB(20)VZ  TAB(30)". 'T/V8(TB)"Y''  TAB(70)"." 

1545  IF  US/CO  >2  T>€N  VT  =  (TX/T)*3  :  CDTD  1555 

1550  YT  =  ((X/CO  .TX)/(R/C0  -T))*3 
1555  TT  =  INT(50«Yr  +  .25) 

1560  IF  TB>77  THEN  TB=  77 

1570  IF  0  =  3  TI€N  PRINT  P/PO  TAB(10)YT  TAB(20)T  TAB(30)"."  TAB(Tr)"T"  TAB(70)"." 

1575  IF  P<.O60«PO  TVCN  1590 

1576  1=1+1 
1580  SX  =  SX  +YX 

1585  VX  =  VX  +  YX*2 

1586  IT  =  IT  +1 

1587  ST  =  ST  +  YT 

1588  VT  =  VT  +  YT*2 

1590  IF  J  =  1  THEN  PRINT"  Meast",  X,  TX,  "»’VT 

1595  RETURN 

1599  rSvi . YIELDS  4ND  STANFORD  CEVIATICNS . 

1600  IF  I  <2  IVEN  2000 

1602  S  =  VX/d-D-  (SX‘2)/I/(I-1) 

1604  IF  IT  <  2  THEN  1610 

1606  S2  =  VT/dT-l)  -(ST*2)/IT/dT-l) 

1608  PRINT 

1610  PRINT  "Yield,  relative  to  input  ="  SX/I 

1630  PRINT  "Standard  deviation,  %  ="  100*SQR(S)#d/SX)  "based  on"  I  "saiples,  P=>  1  psi" 
1640  IF  ST  =  0  TVEN  1680 

1650  PRINT  "TQ4  Yield,  relative  to  input  ="  ST/IT 

1670  PRINT  "Standard  deviation,  TDA  yield,  %  ="100*SGR(52)*dT/ST)"ba8ed  on  "IT"8afTple8" 
1990  DATA  0,  0,  0 
2000  END 
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l.d  PUKPOSE 


This  paper  presents  preliminary  design  criteria  for  frangible 
surfaces  intended  to  "break-up"  and  "blow-away"  quickly  enough  to  limit 
the  internal  blast  environment,  structural  damage  and  exterior  debris 
hazard  from  Explosions  inside  structures.  The  design  criteria  relate 
the  critical  design  parameters  of  the  structure,  frangible  surface  and 
explosive  to  the  internal  loading  —  in  a  format  that  facilitates  the 
design  of  frangible  covers  and  the  prediction  of  internal  blast  loads. 


2.0  BACKGROUND 

2.1  Internal  Explosions 

Shock  Pressures.  Consider  an  explosion  inside  a  hardened  building 
with  a  frangible  cover  as  illustrated  in  Figures  1  and  2.  The  detonation 
generates  shock  waves.  The  initial  wave  strikes  the  frangible  cover, 
and  all  other  interior  surfaces,  and  is  reflected.  The  energy  in  the 
reflected  wave  depends,  in  part,  on  the  physical  characteristics  of  the 
reflecting  surface.  When  the  incident  wave  first  strikes  the  frangible 
cover,  the  pressure  in  the  incident  wave  is  shocked  up  to  a  reflected 
pressure.  If  this  pressure  accelerates  the  cover  fast  enough  then  the 
relative  velocity  between  the  incident  shock  wave  and  cover  decreases. 
This  reduces  the  total  energy  (total  impulse)  in  the  reflected  wave  to  a 
value  less  than  if  instead  the  cover  was  non- frangible.  In  any  case, 
the  reflected  waves,  bouncing  back  and  forth  between  the  walls,  floor 
and  roof,  produce  a  shock  pressure  loading  on  interior  surfaces  of  the 
structure.  The  contribution  from  the  cover  to  tbe  total  shvck  impulse 
on  other  interior  surfaces  depends,  to  a  large  degree,  on  the  number  of 
covers,  cover  size  (surface  area  and  aspect  ratio),  location  of  cover 
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relative  to  the  explosive,  physical  properties  of  the  cover  (mass, 
strain  energy  capacity  and  failure  mode)  and  boundary  conditions  of  the 
cover  (resifstance  of  supports  to  moment,  shear  and  tension). 

The  Naval  Surface  Weapons  Center  is  currently  developing  criteria 
to  predict  the  reflected-shock  impulse  ca  covers  and  the  effects  of 
cover  characteristics  on  the  reflected-shock  impulse  applied  to  other 
interior  surfaces  of  a  structure.  At  this  point  in  the  study  it  appears 
that  for  the  practical  range  of  design  parameters,  covers  experience  the 
full-ref lected-shock  impulse.  Further,  covers  should  be  considered 
non-frangible  surfaces  when  computing  the  reflected  shock  impulse  on 
other  interior  surfaces  of  the  structure. 

Gas  Pressures.  If  the  explosion  is  confined  inside  an  enclosed 
space,  such  as  a  building,  the  heat  released  by  the  detonation  and  the 
subsequent  after-burning  raises  teaq>eratures  of  the  air  and  gaseous 
by-products  of  the  explosion.  This  phenomenon  generates  gas  pressures, 
in  addition  to  shock  pressures,  in  the  same  time  period.  The  gas  pressure 
inside  the  structure  rises  to  some  peak  value,  the  value  depending  on 
the  ratio  of  the  net  explosive  weight  to  volume  of  the  structure.  The 
gas  pressure  then  gradually  decays  as  gas  temperatures  drop  and  gases 
vent  from  the  structure.  The  gases  vent  through  openings  created  by 
breakage  of  building  components,  such  as  windows,  doors  and  frangible 
covers . 

The  peak  gas  pressure  is  characteristically  small  compared  to  the 
peak  reflected-shock  pressure.  However,  the  duration  of  the  gas  pres¬ 
sures  can  be  many  times  greater  than  the  duration  of  the  reflected-shock 
pressures,  especially  when  the  vent  area  is  small  compared  to  the  volume 
of  the  structure.  Progressive  breakup  of  the  building  increases  the 
total  vent  area.  This  increases  the  rate  of  escaping  gases  which,  in 
turn,  increases  the  rate  of  decay  in  gas  pressures,  and  thus,  decreases 
the  duration  of  the  gas  pressure. 

Blast  hardened  or  massive  structures  often  have  little  or  no  inherent 
excape  paths  for  gases.  In  such  cases,  vent  areas  must  be  built  into 
the  structure.  In  practice,  these  vent  areas  are  openings  with  frangible 
covers.  The  frangible  covers  are  intended  to  breakup  and  blow  away 
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quickly  enough  to  reduce  the  gas  pressure  environment  inside  the  structure. 
This  strategy  reduces  the  extent  of  structural  damage  and  seconds .‘y 
debris. 

2.2  Frangible  Covers 

Frangible  covers  are  especially  important  in  hardened  structures 
that  contain  explosives.  For  example,  safety  standards  may  require  a 
hardened  structure  to  protect  its  inhabitants  and  contents  from  effects 
of  possible  explosions  located  outside  the  structure.  Typically,  such 
structures  are  massive  and  capable  of  absorbing  large  amounts  of  internal 
strain  energy.  Consequently,  the  benefits  of  protection  provided  against 
effects  from  an  external  explosion  may  be  more  than  offset  by  the  increased 
risk  tjo  inhabitants  and  contents  from  an  internal  explosion.  Further, 
explosions  in  hardened  structures  increase  the  risk  to  nearby  facilities 
since  the  greater  blast  loads  inside  a  hardened  structure  produce  greater 
launch  velocities  of  flying  debris  threatening  nearby  facilities.  A 
compromise  solution  to  this  dilemna  is  to  install  one  or  more  frangible 
covers  in  exterior  surfaces  of  the  structure.  The  covers  are  placed  at 
strategic  locations  that  do  not  compromise  protection  from  effects  of  an 
external  explosion.  The  frangible  covers  reduce  the  internal  blast 
environment  and  thus  the  external  debris  hazard. 

Ordnance  test  structures,  such  as  missile  test  cells,  are  also 
frequently  blast  hardened,  especially  if  the  test  cell  is  immediately 
adjacent  to  the  Weapons  Maintenance  Building  that  supports  test  operations. 
For  this  case,  the  test  cell  is  blast  hardened  to  reduce  blast  and 
debris  on  the  adjoining  building.  Typically,  one  wall  of  the  test  cell 
is  made  frangible  to  relieve  internal  blast  loads  and  focus  explosion 
effects  in  prescribed  directions  outside  the  structure. 


3.0  PROBLEM 

The  NAVFAC  P-397  (Ref  1)  states  that  '’although  frangibility  is 
imperfectly  understood  and  difficult  to  measure,  it  has  been  assumed 
that  a  material  whost  weight  is  10  psf  of  surface  area  or  less  may  be 
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considered  frangible  for  both  the  shock-front  pressures  and  gas  pressures 
resulting  from  detonation  of  explosives  greater  than  100  lbs."  NAVFAC 
P-397  further  states  "if  a  large  portion  (one  or  more  surfaces)  of  a 
structure  whose  weight  is  greater  than  10  psf  fails,  then  this  surface 
of  the  structure  is  considered  frangible  for  the  gas  pressures.  However, 
because  the  heavier  surface  will  take  longer  to  fail  than  the  lighter 
surfaces,  full  reflection  of  the  shock  pressures  will  occur."  In  design 
practice,  this  criteria  is  interpreted  to  mean  that  any  surface  less 
than  10  psf  is  fully  frangible,  i.e.,  the  surface  does  not  contribute 
shock  impulse  to  other  interior  surfaces  of  the  structure  and  the  degree 
of  venting  for  gases  is  the  same  as  if  no  surface  covered  the  opening. 

This  interpretation  may  contribute  large  errors  in  the  design  process 
and  result  in  unsafe  designs. 

Trends  in  safety  regulations  require  less  risk  to  exposed  individuals 
in  ordnance  facilities.  This  trend  demands  a  better  understanding  of 
frangibility.  For  example,  recent  changes  in  NAVSEA  OP-S  (Ref  2)  require 
personnel  working  in  a  missile  test  cell  to  be  exposed  to  no  more  than 
2.3  psi  from  effects  of  possible  explosions  in  other  test  cells.  This 
requirement  is  difficult  to  satisfy  in  a  multiple  test  cell  complex. 

The  facility  designer  desires  one  wall  to  be  frangible  in  order  to 
reduce  the  internal  blast  environment  from  an  internal  explosion,  thereby, 
lowering  the  MCON  cost  of  the  facility  and  external  debris  hazard. 

However,  to  protect  personnel  in  that  cell  from  explosions  in  other 
cells,  the  designer  must  strengthen  the  frangible  wall  to  safely  resist 
external  blast  pressures.  But  strengthening  the  wall  invariably  results 
in  a  massive  wall  which  violates  current  frangibility  criteria.  The 
solution  to  this  dilemma  usually  requires  severe  restrictions  of  test 
operating  procedures  and  lower  production  levels.  Strengthening  the 
"frangible"  wall  is  the  practical  and  cost  effective  solution,  provided 
the  designer  has  design  criteria  which  account  for  effects  of  wall  mass 
on  internal  blast  environment. 

The  same  problem  is  faced  in  trying  to  satisfy  physical  security 
regulations.  A  massive  wall  is  desired  to  increase  the  denial  time  to 
forced  intrusion  into  a  missile  test  cell,  but  a  light  wall  is  required 
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to  control  construction  costs.  Agsin^  physicsl  security  requirenents 
must  be  compromised  because  of  s  lack  of  criteria  on  effects  of  wall 
mass  on  Internal  blast  environaient. 

In  view  of  the  problems  cited  above,  the  Naval  Civil  Engineering 
Laboratory  has  undertaken  a  study  to  refine  design  criteria  for  frangible 
surfaces.  The  work  is  being  sponsored  by  the  Department  of  Defense 
Explosives  Safety  Board.  The  criteria  presented  herein  is  preliminary 
and  requires  further  test  validation. 


4.0  SOLUTION  FORMULATION 

Consider  an  explosion  inside  either  the  mi*  test  cell  or  the 
building  shown  in  Figure  2.  An  opening  <  f  area  A  is  located  in  one 
surface  of  either  structure.  The  opening  is  covered  with  a  frangible 
panel.  The  panel  has  a  mass  y>  ^tea  A  and  dimensions  i  by  h.  The 
normal  distance  from  explosive  W  to  the  panel  is  R. 

The  blast  loading  (combined  shock  plus  gas  pressure-time  history) 
acting  on  an  interior  surface  of  the  box  is  shown  in  Figure  3.  This  is 
also  the  blast  loading  on  a  cover  placed  over  the  opening  provided  the 
cover  is  non-f tangible  for  shock  pressures  (i.e.,  the  cover  provides 
full-reflection  of  all  shock  waves  striking  its  surface),  but  fully 
frangible  for  gas  pressures  (i.e.,  the  cover  does  not  decrease  the  vent 
area.  A,  for  escaping  gases;  the  vent  area  is  A  from  the  instant  of 
detonation) . 

4 . 1  Shock  Pressure  Loading 

If  the  reflected-shock  pressure  on  the  cover  at  any  time  t  is 
(t)  then  the  total  reflected-shock  impulse,  i^,  is 

/ r  P  (t) 

/  — ryy  dt  , solution  obtained  from  NAVFAC  P-397  (1) 
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The  solution  of  Equation  1  is  obtained  from  charts  presented  in  NAVFAC 
^■*397  (Ref  1).  The  charts  predict  the  average  reflected-shock  inpulse 
applied  to  a  prescribed  surface  of  a  box-shaped  structure.  The  charts 
are  based  on  analytical  procedures  and  empirical  data  derived  from 
explosives  tests.  The  P-397  procedure  involves  entering  appropriate 
charts  with  a  series  of  disieusionless  parameters  related  to  the  geometry 
and  size  of  the  structure  and  the  location  of  the  explosive.  The  para¬ 
meters  are  the  length,  L,  and  height,  H,  of  the  box-surface  of  interest; 
net  weight  of  explosive,  W;  number  of  adjacent  reflecting  surfaces,  N; 
normal  distance  from  charge  to  box-surface  of  interest,  R;  distance  from 
charge  to  nearest  adjacent  reflecting  surface,  and  the  height  of  the 
explosive,  h^ 

The  accuracy  of  the  P-397  value  for  i^  depends  on  the  size  of  the 
cover  relative  to  the  size  of  the  face  of  the  box.  The  predicted  value 
of  i^  is  the  average  value  for  the  entire  face  of  the  box,  including  the 
area  of  the  cover.  Consequently,  the  procedure  may  underestimate  i^ 
applied  to  the  frangible  cover  if  the  area  of  the  cover  is  small  compared 
to  the  total  area  of  the  face  of  the  box.  In  this  case,  computer  programs, 
such  as  BARCS  (Ref  3),  should  be  used  to  estimate  i^.  BARCS  outputs  i^ 
at  each  node  point  of  a  mesh  simulating  the  surface  area  of  the  box. 

The  proper  value  of  i^  for  the  cover  is  the  value  of  i^  averaged  over 
nodal  points  within  the  area  of  the  cover. 

« 

^•2  Gas  Pressure  Loading 


4.2.1.  Fixed  Vent  Area.  Given  a  constant  vent  area.  A,  and  the 
time  constant,  a,  describing  the  rate  of  exponential  decay  in  pressure, 
the  gas  pressure,  P  ,  inside  the  box  at  any  time,  t,  is: 

O 


p,(t) 


r,‘) 


(2) 


According  to  analytical  work  by  Proctor  and  Filler  (Ref  4)  and  explosives 
tests  by  KCEL  (Ref  5),  the  peak  gas  pressure,  B^,  inside  the  box  is 
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«  function  of  the  retio  W/V,  the  explosive  weight,  W,  relative  to  the 
volume  of  the  box,  W.  The  relationship  between  and  W/V  is  plotted 
in  Figure  4. 

B  a  /  (W/V),  from  Figure  4. 

O 

Based  on  explosives  tests  by  Keenan  and  Tancreto  (Ref  5),  the  scaled 

1/3 

duration  of  the  gas  pressure,  T  /W  '  ,  inside  the  box  for  a  constant 

O 

vent  area.  A,  and  box  volume,  V,  is: 

T_  /  ,  x-0.86 /,.,\-0.86 


^  (f) 


and  the  corresponding  scaled  total  impulse  of  the  gas  pressure,  i  /W  '  , 

8 

is: 


-0.78/  ,,\-0.38 


'  (t) 


,  provided  A  &  V  =  constant 

<0.21 


(3) 


,  provided  A  &  V  -  constant  (4) 


,1/3 


(5) 


Equations  4  and  5  are  empirical  relationships  derived  from  the  gas 

pressure-time  history  measured  inside  a  box  with  A,  V  and  W  held  constant 

in  each  test  but  varied  between  tests.  In  these  tests,  pressure  measure- 

2/3 

ments  indicated  no  gas  pressure  developed  inside  the  box  for  A/V  '  >0.60. 


W 


.TO  = 


=  0 


provided  A  =  constant 
A/V^^^  >0.60 


(6) 
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No  test  data  is  available  to  derive  the  expression  for  i  /W  where 

^/3  ® 

0.21  <  A/V'"'  >  0.60.  However,  for  the  purpose  of  this  paper  it  is  arbi- 

1/3 

trarily  assumed  that  the  log  of  i  /W  '  varies  linearly  with  the  log  of 
A/V^^^  for  0.21  ^  A/V^^^  <  .60. 

Given  A,  V  and  W  it  is  possible  to  derive  an  explicit  expression  for 
the  time  constant,  a,  based  on  the  following  requirement. 
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Pg(t)  dt 


CoabiaiDg  Equations  2  and  7a 


A  /  t 

-t')  ‘ 


, provided  A&V  s  constant 


where  B  ,  T  and  i  are  fixed  values  obtained  from  Equations  3,  4,  and  5 

O  B  B 

(or  5a),  respectively,  based  on  given  values  of  A,  V  and  W. 

4.2.2  Variable  Vent  Area.  Consider  a  frangible  cover  over  an  opening 
in  a  structure  containing  an  explosion  as  shown  in  Figure  3.  The  combined 
shock  and  gas  pressures  force  the  cover  to  move  away  from  the  opening. 

This  motion  results  in  a  variable  vent  area  that  increases  with  time. 
Calculation  of  the  gas  pressure  history  inside  the  structure  requires  an 
iterative  process  because  of  the  variable  vent  area.  The  iterative 
process  proceeds  as  follows. 

Refering  to  Figures  5  and  6,  at  time  the  known  gas  pressure  is 
and  the  known  acceleration,  velocity  and  displacement  of  the  cover, 
acting  as  a  rigid  plate,  are  x^,  and  x^,  respectively.  If  P^^^  is 
the  assumed  gas  pressure  at  time  then 

*i+i  =  fiti/"  (g) 

*itl  =  ‘i  *  <*i  * 

*i+l  *  Xg  +  ig  At  +  Cx.  +  Xj..j)(At)^/4 

During  the  time  interval  At,  the  average  displacement  of  the  cover  is 
(Xj^  +  x^_^j)/2.  If  the  perimeter  of  the  opening  is  s,  then  the  average 
vent  area,  A...,  available  for  gases  to  escape  from  the  structure  is 
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CoMidering  to  be  a  fixed  vent  area  during  the  tine  interval,  At,  the 
gaa  preaaure  inpulae,  i^,  ia  calculated  fro*  Equation  5,  the  gaa  preasure 
duration,  T^,  ia  calculated  iron  Equation  4,  and  the  tine  conatant,  a,  ia 
calculated  froai  Equation  7.  Knowing  the  gaa  preaaure,  at  tiaM 
ti^l  ia  calculated  fron  Equation  2.  The  calculated  value  of  becoaea 
the  new  aaiuned  value  of  P^^^  and  the  above  proceaa  ia  repeated  until  the 
difference  between  the  aaauaed  and  coaputed  valuer  of  P^^^  ia  within  a 
preacribed  error  liait.  Given  agreeaent,  tiae  ia  increaented  by  At  and 
the  entire  proceaa  ia  repeated  for  the  next  tine  atep.  If  during  thia 
proceaa,  X  becoaea  equal  to  the  area  of  the  opening,  then  the  effective 
vent  area  ia  fixed  and  X  »  A  for  all  aucceeding  tine  intervale. 

Eventually,  the  gaa  preaaure  decaya  to  xero.  The  tine  correaponding 
to  thia  point  ia  the  gaa  duration,  T^,  inaide  the  atructure,  and  the 
total  gaa  inpulae,  i^,  ia  equal  to  the  total  area  under  the  gaa  preaaure- 
tine  curve.  The  above  computational  proceaa  waa  the  baaia  for  NCEL 
computer  program  EEDl  which  waa  uaed  to  develop  deaign  criteria  for 
frangible  covera. 


5.0  DESIGN  CRITERIA 

Computer  program  REDI  waa  uaed  to  generate  deaign  criteria  for 
frangible  covera.  The  following  criteria  are  conaidered  preliminary  and 
require  further  teat  validation. 

5.1  Gaa  Inpulae 

Criteria  for  the  gaa  preaaure  iaq>ulae  inaide  a  atructure  with  a 

frangible  cover  are  preaented  in  Figurea  7-10.  In  each  figure,  the 

1/3 

acaled  gaa  preaaure  inpulae,  i^/W  '  ,  ia  plotted  aa  a  function  of  the 

acaled  vent  area,  for  several  values  of  the  frangible  cover  naaa, 

1/3 

y/V  '  .  Each  family  of  curvea  in  Figurea  7-10  are  for  fixed  values  of 

1/3 

the  acaled  reflected  ahock  impulse,  i^/W  '  ,  acting  on  the  frangible  cover 
and  the  ratio  of  the  net  explosive  weight  to  structure  volume,  W/V.  The 
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curves  essuae  the  total  reflected  shock  impulse,  i^,  is  applied  to  the 
cover  at  tine  t  =  0,  i.e.  the  reflected  ahock  impulse  imparts  an  initial 
velocity  to  cover  equal  to  i^/m  where  m  is  the  mass  per  unit  surface 
area  of  the  cover.  This  assumption  reduced  significantly  the  number  of 
parameters  required  to  display  the  design  criteria. 

Use  of  the  criteria  require  interpolation  between  values  corresponding 
to  the  curves  in  Figures  7-10.  Linear  interpolation  on  a  log-log  scale 
is  recommended  for  obtaining  an  intermediate  value  of  any  parameter,  using 
either  mathematical  relationships  or  log-log  graph  paper.  Further,  it  is 
recommended  that  i^  in  Figures  7-10  be  interpreted  as  the  value  predicted 
by  procedures  outlined  in  NAVFAC  P-397  or  computer  program  BARCS  (Ref  3). 

5.2  Peak  Gas  Pressure 

As  stated  earlier,  the  peak  gas  pressure,  B  ,  depends  on  the  ratio 

B 

of  the  net  explosive  weight  to  structure  volume,  W/V,  and  is  obtained 
from  Figure  A. 

B  =  /(W/V),  from  Figure  4  (3) 

O 

5.3  Effective  Gas  Duration 


The  effective  duration  of  the  gas  pressure  based  on  a  linear  time 
decay  in  the  pressure’ is 


2  i. 


(10) 


where  1^  is  the  total  gas  pressure  impulse  obtained  from  Figures  7-10  and 
B  is  the  peak  gas  pressure  obtained  from  Equation  3. 
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6.0  TEST  VALIDATION 
6.1  Method  of  Validation 


Experimental  data  obtained  from  explosive  tests  designed  to  evaluate 
the  performance  of  earth  covered  structures  was  used  to  validate  the 
design  criteria  for  frangible  covers  shown  in  Figures  7-10.  The  experiment 
involved  detonating  explosives  inside  a  series  of  small  earth-covered 
missile  test  cells  having  one  frangible  wall  and  a  soil-covered  roof 
slab.  The  frangible  wall  and  roof  slabs  were  not  fastened  to  their 
supports.  Test  variables  were  the  mass  of  the  frangible  wall,  Yi  ikass 
of  the  soil  covered  roof,  y*  Y,.i  and  weight  of  explosive,  W.  The 
motion  of  the  roof  and  wall  slabs  was  measured  in  each  test  with  a  high 
speed  camera. 

The  total  reflected-shock  plus  gas  impulse,  i,p,  imparted  to  the 
roof  was  derived  from  the  measured  maximum  vertical  displacement  of  the 
roof  slab,  x^^,  by  applying  the  principle  of  conservation  of  energy. 

Since  the  roof  is  unrestrained,  the  total  work  done  by  the  gravity 
forces  of  the  roof  must  equal  the  total  change  in  its  kenetic  energy. 


Work  =  -(Y,  +  Y,) 


(Ua) 


Since  x  =  0  at  x  =  x^,  the  total  change  in  kinetic  energy,  ME,  is 


Equating  Equations  11a  and  lib. 


(lib) 


(lie) 


From  the  principle  that  the  total  impulse  applied  to  the  roof  must  equal 
the  change  in  its  momentum. 


(lid) 


/P(t)dt  = 

0 

4  V  144  8  /  *T 
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Combining  Equations  11c  and  lid  and  dividing  the  result  by  W  '  ,  the 
scaled  total  impulse  of  the  reflected-shock  plus  gas  impulse  on  the  roof 
is: 


W 


T 

Yyj  (measured)  =  1.731 


2r— 


(11) 


Since  Y  i  V-*  W,  and  x_  are  known  values  for  each  test,  the  scaled  total 
s  r  m  ’ 

impulse  applied  to  the  roof  was  calculated  from  Equation  11.  This  value 

1/3 

was  considered  to  be  the  "measured"  value  of  i,j,/W  acting  on  the  roof 
of  the  missile  test  cell. 

1/3 

The  predicted  value  of  i-/W  was  taken  to  be  the  sum  of  the 

^  1/3 

scaled  reflected-shock  impulse,  i^/V  '  ,  predicted  from  criteria  presented 

in  NAVFAC  P-397  (which  is  based  on  the  parameters  shown  in  Figure  3) , 

1/3 

plus  the  scaled  gas  impulse,  i  /W  '  ,  predicted  from  the  criteria  pre- 
sented  in  Figures  7-10.  In  other  terms,  the  predicted  scaled  total 
impulse  acting  on  the  roof  of  the  missile  test  cell  was  taken  as: 


(predicted)  =  (NAVFAC  P-397)  +  (Fig.  7-10) 

w  w  w 
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The  predicted  value  of  i^/W  '  in  Equation  12  assumed  four  reflecting 

surfaces  (N=:4),  i.e.,  the  frangible  wall,  in  addition  to  the  other  three 

walls,  was  considered  to  be  a  non-frangible  surface  for  shock  waves 

1/3 

striking  its  surface.  The  difference  between  i|./W  obtained  from 
Equations  11  and  12  was  the  basis  for  validating  the  reliability  of  the 
design  criteria  for  frangible  covers  presented  in  Figures  7-10. 


(12) 
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6.2  Test  Description 


Design  details  of  the  test  structure  are  shown  in  Figure  11.  The 

structure  was  a  one-sixth  geometric-scale  model  of  a  HARPOON  missile 

test  cell.  The  floor,  sidewalls,  backwall  and  floor  were  constructed 

from  3-inch-thick  steel  plate,  joined  together  with  full-penetration 

welds.  The  backwall  had  no  door  opening.  The  bottom  face  of  the  floor 

was  flush  with  the  ground  surface. 

The  roof  slab  was  1-1/8-inch-thick  plywood  (3.3  psf)  with  No.  10 

gauge  sheet  metal  (5.63  psf)  nailed  to  the  inside  face.  The  roof  slab 

was  covered  with  sand  to  depth,  d  ,  in  a  berm-like  fashion.  The  berm 

s 

was  configured  so  that  the  soil  depth,  d  ,  extended  a  distance  d  beyond 

s  s 

the  vertical  extension  of  the  walls,  except  at  the  headwall.  The  surface 

of  the  berm  was  spray  painted  white  to  improve  photographic  contrast  in 

recording  the  failure  mechanism  of  the  earth-bermed  roof.  The  total 

roof  mass  was  varied  between  tests  by  changing  the  depth  of  sand,  d  . 

s 

The  test  charge  was  Composition  C-4  explosive  shaped  into  a  right 

cylinder  with  a  length-diameter  ratio  equal  to  1.0.  The  charge  was 

positioned  midway  between  the  walls  and  7  inches  above  the  floor,  the 

typical  scaled  location  of  a  HARPOON  missile  during  a  testing  operation. 

The  test  charge  ranged  from  W  =  1.0  to  3.0  lbs  which  corresponds  to 

approximately  W  =  2l6  and  640  lbs  full-scale,  respectively. 

The  frangible  wall  was  absent  in  two  tests.  In  all  other  tests, 

the  frangible  wall  was  either  1-1/8-inch  plate  glass  (one  test)  at 

Y  =  1.64  Ib/ft'^,  or  3/8-inch  plywood  with  28  gauge  sheet  metal  on  the 

inside  face  (6  tests)  at  y  =  1.73  Ib/ft^  or  1.0-inch  plywood  with  13 

gauge  sheet  metal  on  both  faces  (two  tests)  at  y  =  10.50  Ib/ft^.  Based 

on  scaling  laws,  y  =  1.73  and  10.50  Ib/ft^  are  equivalent  to  y  =  10.38 

and  63.0  Ib/ft^  full-scale,  respectively. 

A  view  of  a  typical  test  setup  prior  to  detonation  is  shown  in 

Figure  12.  Note  the  adhesive  tape  used  to  secure  the  frangible  wall  to 

its  supports.  Also  note  the  soil  berm  spray  painted  white. 

The  values  of  critical  parameters  for  each  test  are  presented  in 

Table  1.  Note:  The  listed  values  of  y  and  y  have  been  increased  by 

s  r 
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9%  to  account  for  a  2-'inch  overlap  of  the  roof  slab  onto  each  wall. 
Further,  v  bhe  frangible  wall  has  been  increased  by  5%  to  account 
for  a  1/2-inch  overlap  of  the  wall  onto  its  supports. 

6.3  Predicted  Versus  Measured  Results 

The  measured  and  predicted  results  for  each  test  are  compared  in 

1/3 

Table  2.  The  small  difference  between  the  measured  and  predicted  i.p/W 
for  tests  23  and  24  (no  frangible  wall,  i.e.  N=3)  indicate  the  NAVFAC 
P-397  procedure  for  the  predicting  the  reflected-shock  impulse  on  interior 
surfaces  of  a  structure  are  quite  accurate,  at  least  for  the  range  of 
parameters  tested. 

The  value  of  test  parameters  in  tests  25  and  27  are  nearly  identical, 

except  for  the  properties  of  the  frangible  wall.  The  frangible  wall  was 

plate  glass  in  test  25  and  plywood/metal  in  test  27.  The  small  difference 
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between  measured  and  predicted  i,p/W  '  for  these  tests  suggests  that  the 
brittleness  of  a  ^ringible  wall  does  not  significantly  effect  the  gas 
pressure  envirohment  inside  a  structure. 

Test  29  provides  the  best  measure  of  the  reliability  of  the  design 
criteria  since  the  gas  impulse  was  a  large  percentage  of  the  total 
impulse.  Note  that  the  difference  between  the  measured  and  predicted 
i.p  is  largest  for  this  test. 

The  ratio  of  measured  to  predicted  i.p  averaged  over  all  tests  is 
0.99.  This  suggests  that  the  design  criteria  for  frangible  covers  is 
adequate,  at  least  for  the  range  of  parameters  tested. 


7.0  APPLICATION  OF  CRITERIA 

The  following  problems  and  their  solutions  illustrate  the  application 
of  the  design  criteria  for  frangible  covers. 


Ill  iwpjiimuli  I  [9 IWI 1 1 
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7.1  Missile  Test  Cell 


The  missile  test  cell  shown  in  Figures  1  and  2  supports  testing  and 
checkout  of  the  LUNI  missile.  The  net  weight  of  explosive  for  the  LUNI 
is  343  pounds  TNT  equivalent.  The  center  of  gravity  of  the  explosive  is 
positioned  such  that  the  scaled  reflected-shock  impulse  on  the  frangible 
wall  is  =  100  psi-msec/lb^^^,  according  to  NAVFAC  P-397  (or 

computer  program  BARCS) .  The  frangible  wall  is  s  3-inch-thick  reinforced 
concrete  slab  with  a  total  surface  area  equal  to  150  ft^.  The  volume  of 
the  missile  test  cell  is  8575  ft^. 


(a)  Problem: 


Find  the  peak  gas  pressure,  gas  impulse, 


effective  gas  duration,  T' ,  inside  the  missile  test  cell. 

8 


i  ,  and 
g 


Solution:  The  scaled  area  and  mass  of  the  frangible  wall  and 
the  density  of  explosive  in  the  missile  test  cell  are 

=  150/(5277)^"^^  -  0,49 

=  (3  X  l45)/12)/(343)^^^  =  5.2  psf/lb^^^ 

W/V  =  3(^/5271  =  0.040  Ib/ft^ 

Entering  Figure  4  with  W/V  =  0.040,  find 

B  =  240  psi 

g 

Entering  Figure  9  with  W/V  =  0.040,  y/W^''^  =  5.2,  A/V^^^  =  0.49 
and  i^/W^'^^  =  100,  find 

^g^'^1/3  =  325  psi-insec/lb^''^ 

i  =  325(343)^^^  =  2275  psi-msec 

g 

From  Equation  10,  the  effective  gas  duration  for  design  purposes  is 


2  i 


2J||2y  = 


(b)  Problem:  Find  the  percent  reduction  in  the  gas  Impulse  if  the 
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LUNl  missile  is  moved  closer  to  the  frangible  wall  such  that  i^/W  '  = 

1000  psi-fflsec/lb^^^. 

Solution:  Entering  Figure  9  with  W/V  =  0.040,  =  5.2, 

=  0.49  and  i  =  1000,  find 


/yl/3  _  g2  psi-msec/lb^'^^ 

O 

i^  =  92  (342)^^^  =  644  psi-msec 


Therefore,  the  reduction  in  gas  impulse  applied  to  all  surfaces  of 
the  missile  test  cell  is 


Reduction  in  i^  =  100  =  72% 


_  /2275  -  644^ 


This  reduction  in  i^  will  reduce  significantly  the  construction 

cost  of  the  missile  test  cell  but  increase  significantly  the  possible 

strike  range  of  debris  from  the  frangible  wall  which  is  roughly  proportional 
to  the  square  of  the  total  impulse.  For  example, 

i,j  =  i^  +  ig  =  100(343)^^^  +  2275  =  2975  psi-msec  (problem  a) 

iip  =  i^  +  i^  =  1000(343)^^^  +  644  =  7644  psi-msec  (problem  b) 

Therefore,  without  an  exterior  barricade  in  front  of  the  frangible  wall, 

the  possible  increase  in  the  strike  range  of  debris,  R  ,  is 

s 


R  (problem  a) 

R  (problem  b) 
s 


Wif  -  6  6 
2975/  ~ 


7 . 2  Weapons  Maintenance  Building 

The  weapons  maintenance  building  shown  in  Figures  1  and  2  is  for 
maintenance  of  the  HARPOON  missile.  The  workbay,  shown  in  Figure  2,  is 
100  feet  long,  40  feet  wide,  and  20  feet  high  and  contains  no  more  than 
2400  pounds  TNT  equivalent  at  any  one  time.  The  roof  and  walls  are 
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massive  reinforced  concrete  slabs  designed  to  protect  operating  personnel 
from  an  inadvertent  explosion  in  an  unrelated  ordnance  facility  located 
nearby.  A  large  equipment  door  at  both  ends  of  the  workbay  is  25  feet 
long  and  15  feet  high.  The  doors  are  not  blast-hardened  and  weigh 
13.3  psf. 

(a)  Problem:  Find  the  peak  gas  pressure,  gas  impulse,  i^,  and 

effective  gas  duration,  T^,  if  the  scaled  reflected-shock  impulse, 
i^/y^l/3,  doors  is  100  psi-msec/lb^^^* 

Solution:  The  door  area  is  A  =  (25  x  15)2  =  750  ft^.  The 
volume  of  the  workbay  is  V  =  40  x  20  x  100  =  80,000  ft^.  The  weight  of 
explosive  is  W  =  2400  lb.  The  door  mass  is  y  =  13  psf.  Therefore,  the 
critical  scaled  parameters  are 

A/V^/3  =  750/(80,000)^/^  =  0.40 

W/V  =  2400/80,000  =  0.040  Ib/ft^ 

Y/W^/^  =  13.3/(2400)^/^  =  1.00  psf/lb^/^ 

Entering  Figure  9  with  these  values,  find 

i  /W^/^  =  120;  i  =  120(2400)^/^  =  1606  psi-msec 

O  O 

Entering  Figure  4  with  W/V  =  0.040,  find 

B  =  240  psi 
8 

From  Equation  IC,  the  effective  duration  of  gas  pressure  in  the 
workbay  is 

T’  =  2(l606)/240  =  13.4  msec 

8 

(b)  Problem:  Find  the  gas  impulse  in  the  workbay  if  the  mass  of 
the  equipment  doors  is  increased  to  67  psf  to  improve  physical  security  of 
the  building. 

Solution :  scaled  door  mass  in  y/W^/^  =  67(2400)^/^  =  5.0 

psf/lb^/^  Entering  Figure  9,  fi;  •; 


i  ,yl/3  -  350.  i  -  350(2400)^''^  «  4686  psi-msec 
6  8 

Thus,  increasing  the  door  mass  from  13.0  to  67  psf  increases  the  gas 
impulse  applied  to  interior  surfaces  of  the  building  by 

increase  in  i^  = 

8.0  FUTURE  WORK 

Explosive  tests  are  planned  for  1983.  The  tests  will  extend  the 
range  of  test  parameters  and  include  large  scale  tests.  The  large  scale 
tests  are  considered  important  since  the  theory  used  to  develop  the  design 
criteria  is  based  on  empirical  relationships  derived  from  small  scale  tests. 
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10.0  LIST  OF  SYMBOLS 


A  Area  of  the  opening  without  the  frangible  cover,  ft^ 

A  xp,  effective  vent  area,  ft'^ 

B  Peak  gas  pressure  extrapolated  to  time  t  =  0,  psi 

O 

B^  Peak  reflected-shock  pressure,  psi 

Depth  of  soil  cover,  ft 

E(x)  Total  strain  energy  absorbed  by  structural  element  at 
displacement  x  relative  to  its  support,  ft-lb/ft^ 

g  Gravity  =  32.2  x  lO'^,  ft/msec^ 

h  Height  of  frangible  wall,  ft 

hj  Height  of  explosive  (c.g.)  above  floor,  ft 

ig  Total  reflected  shock  impulse,  psi-msec 

ig  Total  gas  impulse,  psi-msec 

i^  Total  reflected-shock  impulse,  psi-msec 

i.p  Total  impulse;  sum  of  r ‘flected-shock  plus  gas  impulses,  psi-msec 
£  Length  of  frangible  wall,  ft 

£j  Distance  from  explosive  (c.g.)  to  sidewall,  ft 

m  Mass  per  unit  area  of  surface,  psf-msec^/ft 

N  Number  of  adjacent  reflecting  surfaces. 

P(t)  Pressure  at  time  t,  psi 
P  (t)  Gas  pressure  at  any  time  t,  psi 

O 

P^(t)  Reflected-shock  pressure  at  any  time  t,  psi 

R  Normal  distance  from  c.g.  of  explosive  to  a  surface  of 

structure,  ft 

s  Perimeter  of  the  opening  providing  escape  path  for  gases,  ft 

T^  Duration  of  gas  pressure,  msec 

T'  2i  /B  =  Effective  duration  of  the  gas  pressure  based  on 

O  O  O 

a  linear  time  decay,  msec 
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t  Elapsed  time  after  detonation,  msec 

t|  Time  when  reflected  pressure  equals  the  gas  pressure,  msec 

T  ~  duration  of  the  reflected  shock  pressure 

based’^on  a  linear  time  decay,  msec 

V  Volume  of  structure  containing  the  explosion,  ft-* 

W  Net  weight  of  explosive,  lb  (TNT  equivalent) 

X  Displacement  at  any  time  t,  ft 

X  Velocity  at  any  time  t,  ft/msec 

X||^  Maximum  displacement,  ft 

x,p  Velocity  at  time  T^,  ft/msec 

a  Exponential  decay  constant  for  P^(t),  msec  ^ 

Y  Mass  of  frangible  cover  per  unit  area  of  surface,  Ib/ft^ 

Mass  of  roof  slab  per  unit  area  of  surface,  Ib/ft*' 

Y_  Mass  of  soil  cover  per  unit  area  of  surface,  Ib/ft^ 
s 

p  Density  of  soil,  Ib/ft^ 

S 
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(It)  (ft)  (ft)  (ft)  (Ib/ft-*)  (Ib/ft^)  (Ib/ft^)  (ft)  (ft)  (ft)  (fto  (Ib/ft-^) 


ion  12 


We*poM  MianicntiiccBuUdlni 


Figure  1.  Frangible  panels  in  Weapons  Maintenance  Facility. 


Figure  2.  Design  parameters  for  frangible  panels 


:  *H  'j 

Eltpied  Time  After  Detonttlon,  t  (miec) 


I 


Figure  8.  Design  criteria  for  frangible  covers  for  W/V  =  0.010  Ib/ft^, 
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Internal  Blast  Measurements  in  a  Model  of  the  Fantex  Damaged  Weapons  Facility 

By 

J.  C.  Hokanson,  E.  D.  Esparza,  W.  E.  Baker  and  N.  R.  Sandoval, 
Southwest  Research  Inftltute 


ABSTRACT 

The  Damaged  Weapons  Facility  (DWF) ,  planned  for  construction  at  the  Pantex 
Plant,  will  consist  of  several  rooms  and  interconnecting  corridors.  It  is 
being  designed  to  essentially  completely  contain  Pxplo:^-*ve  effects  in  the  event 
of  an  accidental  explosion  during  weapon  disassembly,  because  of  the  complex 
geometry  of  the  facility,  the  rational  prediction  of  initial  and  later  reflect¬ 
ed  shock  wave  loading,  and  the  longer-term  gas  pressure  loading,  is  very  di^  1- 
cult.  Accordingly,  a  cne-eighth  scale,  overstrength,  steel  "loads"  model 
of  the  facility  has  been  built  and  tested.  Tests  include  detonei l-niS  witnia 
the  model  of  various  weights  and  types  of  spherical  and  cylindrical  explc.sivea, 
at  several  charge  locations  within  the  high  bay  area  of  the  facility.  Tn.? 
paper  summarizes  shock  and  gas  pressure  measurements  taken  within  the  mc.i  1, 
and  compares  t^  t  results  to  current  methods  for  estimating  these  transient 
pressures  and  to  data  from  other  investigators. 


INTRODUCTION 


General 


This  paper  summarizes  results  of  a  two-phase  test  program  conducted  by 
the  staff  of  Southwest  Research  Institute  under  Purchase  Order  No.  F0913400, 
for  Mason  and  Hanger-Silas  Mason  Company,  Inc.,  Pantex  Plant,  Amarillo,  Texas. 

The  work  involved  the  design,  preparation  of  construction  drawings, 
fabrication,  Instrumentation,  and  internal  blast  testing  of  a  one-eighth  geo¬ 
metric  scale  model  of  the  Damaged  Weapons  Facility  (DWF)  planned  for  construc¬ 
tion  at  the  Pantex  Plant.  The  full-scale  facility,  which  is  to  be  used  as  a 
disassembly  facility  for  damaged  weapons,  is  being  designed  for  Department  of 
Fnergy,  Amarillo  Area  Office,  by  the  firms  of  Gibbs  and  Hill,  and  Ammann  and 
Whitney.  Since  these  weapons  contain  high  explo.-jives  as  well  as  toxic  material, 
their  disassembly  must  be  performed  within  a  structure  which  in  the  event  of 
the  occurrence  of  an  accidental  detonation,  will  contain,  within  acceptable 
limits,  the  explosive  and  toxic  materials  output. 

The  Damaged  Weapons  Facility  will  consist  of  several  rooms  and  intercon¬ 
necting  corridors.  The  disassembly  of  a  weapon  will  take  place  in  the  main 
room  or  bay.  This  room  is  fully  enclosed  except  for  an  access  opening  to 
surrounding  staging  areas,  corridors,  and  equipment  and  personnel  blast  locks. 
Methods  for  determining  the  blast  loads  produced  by  spherical  charges  which 
are  detonated  within  fully  enc.oted  cubicle  type  bays  are  well  known  (Refs. 

1  and  2) .  However,  only  a  minimal  amount  of  data  are  available  pertaining  to 
the  evaluation  of  the  blast  loads  and  overpressures  which  leak  out  of  a  bay 
into  the  adjoining  confined  areas. 
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To  determine  these  latter  blast  loads,  a  series  of  tests  has  been  conducted. 
These  tests  Included  the  Initiation  of  various  explosive  charges  within  a  one- 
eighth  scale  model  of  the  Damaged  Weapons  Facility  and  recording  the  magnitude 
of  the  resulting  blast  overpressures,  Impulse  and  thermal  variations.  The 
data  obtained  from  these  tests  will  enable  the  verification  (or  nonverification) 
of  the  estimated  blast  loads  used  for  the  building  design  (Phase  I).  Also, 
the  test  results  provide  an  insight  into  internal  blast  loads  produced  by 
(1.1  multiple  charges,  (2)  charge  geometry,  (3)  charge  confinement  and  (A)  TNT 
equivalency  (Phase  II) . 

Purpose  and  Oblectives 

The  primary  purposes  of  the  tects  In  Phase  I  were  to  obtain  measurements 
of  the  blast  and  gas  pressure  loads,  both  within  the  high  hay  where  explosions 
may  occur,  and  within  corridors  and  staging  bays  adjacent  to  the  high  bay. 

Ail  but  one  of  the  explosive  charges  detonated  In  this  phase  were  single  PBX 
9404  spheres  weighing  about  0.990  lb  (this  represents  507  lb  in  full  scale). 

The  charge  location  was  varied,  as  well  as  the  pressure  measuring  stations. 

Tests  were  replicated  three  times  to  determine  reproducibility  of  measured 
dynamic  loads. 

The  objectives  for  Phase  II  were  the  determination  of  internal  blast  loads 
associated  with; 

1.  "TNT  equivalency"  of  PBII  9404,  PBX  9502,  and  Pentolite; 

2.  Multiple  charges; 

''^o''t  cylindrical  charges; 

4.  LiijjiiCLy  .>sed  charges. 

In  support  of  the  first  of  these  objectives,  fhexe  was  also  a  requirement 
for  measuring  heats  of  combustion  for  explosives  :o  oi  1. c-^tei  in  this  program, 
as  well  as  explosives  for  which  there  was  an  extensive  dat.'i  base  of  i.iternal 
explosion  measurements. 

An  additional  objective  during  this  phase  was  to  obtain  better  transient 
thermal  measurements  by  use  of  fast-response  calorimeters,  and  to  use  these 
measurements  to  predict  temperature-time  histories  for  critical  components  in 
the  prototype  structure. 

Paper  Content 

In  following  sections,  we  describe  the  design  and  construction  of  the 
model,  give  jur  plan  for  instrumentation,  describe  the  plan  for  reduction  of 
the  many  channels  of  data  recorded  during  each  test,  and  give  the  test  plan  for 
both  phases  of  the  tests.  Then,  test  results  are  summarized.  The  paper  con¬ 
cludes  with  a  discussion  of  the  test  results.  A  reference  list  is  appended. 

Much  more  complete  descriptions  of  this  internal  blast  project  appear  in 
Ref.  3  and  4  for  Phase  I  and  Ref.  5-7  for  Phase  II. 
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SCALING 


The  Hopklnson-Cranz  scaling  law  for  air  blast  waves  from  explosive  sources 
(Ref.  8)  predicts  that  the  entire  history  of  shock  loading  of  a  complex  structure 
should  scale  properly  In  subscale  experiments,  provided  that: 

1.  Exact  geometric  similarity  is  maintained, 

2.  All  times  scale  In  exactly  the  same  proportion  as  the  geometric 
(length)  scale  factor  X, 

3.  Types  of  explosive  sources  are  identical  and  total  source  energy  E 
scales  as  X^,  and 

4.  Initial  atmospheric  ambient  conditions  are  unchanged. 

Furthermore,  References  9  and  10  show  that  explosions  within  vented  or  unvented 
containment  structures  will  generate  long-term  (quasi-static)  pressures  whose 
amplitudes  and  durations  (when  vented)  also  scale  according  to  the  Hopklnson- 
Cranz  law . 

The  implications  of  the  blast  scaling  law  are  as  follows: 

1.  At  similar  locations  and  similar  scaled  Limes,  pressure  amplitude 
and  velocities  are  identical  in  model  and  full-scale  tests. 

2.  Because  times  are  compressed  by  the  scale  factor  X,  shock  arrival 
times,  pressure  rise  times,  overpressure  durations,  and  all  charac¬ 
teristic  times  in  complex  pressure-time  histories  scale  by  X. 

3.  Specific  impulses  also  scale  as  X,  because  the  amplitudes  (pressures) 
are  unchanged  and  the  durations  scale  as  X. 

Inherent  in  the  Hopkins on-Cranz  law  is  the  assumption  (and  proof  by  many, 
many  tests)  that,  for  the  very  rapid  shock  loading  and  still  rapid  gas  pressure 
rise  processes  in  contained  high  explosive  loading,  heat  transfer  processes  lag 
so  greatly  that  they  have  insignificant  effect  on  the  transient  loads.*  The 
scaling  of  the  complex  process  of  heat  transfer  by  radiation,  convection  and 
conduction  is  very  difficult  (see  Chapter  12  of  Ref.  8),  and  obeys  quite  differ¬ 
ent  scaling  laws  than  for  the  pressure  loads  from  contained  explosions. 

Basically,  the  model  of  the  DWF  which  we  built  and  are  testing  maintains 
close  to  the  exact  geometric  internal  shape  of  the  full-scale  DWF  design. 

However,  outer  wall,  roof  and  floor  thicknesses  are  not  exactly  geometrically 
scaled,  but  are  instead  designed  for  strength  to  withstand  many  scaled  Internal 
explosions  with  no  damage.  No  attempt  whatever  was  made  lo  sc.  j  rc  iaodel  heat 
transfer  processes  in  model  design  and  conatructiou. 


*Eventually,  even  the  quasi-static  pressure  within  a  gas-tight  container  will 
very  nearly  equilibrate,  as  the  hot  explosion  gases  and  compressed  air  mix  and 
cool  by  heat  transfer  through  the  container  walls. 


Basically,  the  model  of  the  DWF  which  we  built  and  are  testing  maintains 
close  to  the  exact  geometric  Internal  shape  of  the  full-scale  DWF  design. 
However,  outer  wall,  roof  and  floor  thicknesses  are  not  exactly  geometrically 
scaled,  but  are  Instead  designed  for  strength  to  withstand  many  scaled  Internal 
explosions  with  no  damage.  No  attempt  whatever  was  made  to  scale  or  model  heat 
transfer  processes.  In  model  design  and  construction. 

There  Is  ample  evidence  that  the  Hopklnson-Cranz  blast  scaling  law  applies 
for  very  small  geometric  scale  factors  X  (see  Ref.  8).  So,  the  choice  of  X  Is 
dictated  by  other  factors.  As  the  scale  factor  becomes  smaller,  the  required 
frequency  response  for  blast  transducers  and  recording  systems  must  be  increased 
proportionally,  because  all  times  are  also  shortened  by  X.  Also,  as  model  size 
decreases,  access  to  the  model  becomes  more  difficult.  These  negative  factors 
must  be  weighed  against  reduced  construction  cost  with  smaller  size.  The 
choice  of  X  »  1/8  for  this  model  was  dictated  primarily  by  the  need  for  Internal 
access  to  change  model  configuration  and  to  inspect,  replace  or  rearrange 
Instrumentation  between  tests.  Someone  had  to  be  able  to  crawl  Inside  the 
model,  and  that  would  have  been  Impossible  at  a  smaller  scale. 

MODEL  DESIGN  AND  CONSTRUCTION 

Model  Design 

All-welded  construction  was  chosen  for  this  model,  because  of  strength, 
economy  in  construction  and  ease  of  making  the  model  pressure-tight.  The  basic 
construction  material  was  chosen  to  be  a  pressure  vessel  steel,  ASTM  A  537 
Class  1.  This  material  has  high  yield  strength  and  ductility,  even  at  low 
temperatures.  It  also  can  be  welded  in  thick  sections  with  little  loss  in 
material  strength  and  ductility. 

We  conducted  some  limited  analyses  to  predict  blast  loads  and  response 
of  elements  In  the  structures,  to  allow  us  to  size  the  steel  plate  thicknesses 
for  various  parts  of  the  structure. 

Most  of  the  blast  loading  predictions  were  made  for  the  surfaces  of  the 
high  bay  area,  using  worst-case  (nearest  charge  locations)  for  each  surface. 

The  methods  for  predicting  local  and  average  peak  overpressure  and  specific 
Impulse  loading  are  described  in  detail  in  Reference  2.  Details  appear  in 
Ref.  1.  Quasi-etatic  pressures  were  also  predicted  from  a  curve  in  Reference 
2,  using  the  maximum  charge  weight  and  the  volumes  of  the  high  bay  area  for  one 
pressure,  and  the  entire  internal  volume  of  the  model  for  another  pressure. 

Using  the  maximum  calculated  blast  and  quasl-statlc  loads  within  the  high 
bay  area,  plate  thicknesses  were  sized  assuming  elastic  beam  strip  theory, 
clamped-clamped  boundary  conditions,  and  a  factor  of  safety  (FS)  of  1,5, 
based  on  static  yield  strength  for  the  A  537  Class  1  steel.  Scaled  pressure- 
impulse  (P-i)  diagrams  from  Reference  11  were  used  for  these  calculations. 

The  results  showed  that  h  ■  3  Inches  was  adequate  for  all  surfaces  in  this 
part  of  the  structure.  Details  appear  in  Ref.  1. 

Calculations  of  blast  loads  within  other  parts  of  the  structure  are  very 
questionable  (which  is.  Indeed,  the  reason  for  this  program).  So,  to  achieve 
a  conservative  design  and  to  allow  choice  of  a  suitable  hydrotest  pressure. 


we  established  Dynamic  Load  Factors  for  the  heavily-loaded  high  bay  structural 
elements,  based  on  the  vibration  frequencies  of  appropriate  beam  strips,  and 
then  computed  equivalent  static  pressures  to  give  the  same  maximum  stresses, 
using  again  the  safety  factor  of  1.5.  The  recommended  hydrotest  pressure  was 
Px  ~  210  psl.  Based  on  this  pressure,  plate  sizes  were  chosen  for  the  remain¬ 
der  of  the  model.  These  were  1.5  Inches  for  walls  outside  of  the  high  bay,  and 
2.0  Inches  for  roof  outside  the  high  bay.  Although  there  are  no  good  methods 
for  predicting  blast  loads  outside  the  high  bay  area,  we  felt  that  we  could 
obtain  at  least  order  of  magnitude  estimates  by  exercising  a  two-dimensional 
blast  wave  code  and  representing  the  three-dimensional  model  structure  by  a 
two-dimensional  analog.  The  results  of  these  calculations  could  give  a  rough 
idea  of  blast  pressures  and  rise  times,  and  thus  help  in  selection  of  appro¬ 
priate  transducers,  as  well  as  indicate  possible  areas  of  blast  focusing 
causing  local  high  pressures.  The  results  of  these  calculations  appear  In 
Appendix  C  of  Ref.  1.  Although  the  absolute  numbers  were  not  expected  to 
correlate  well  with  test  data,  relative  amplitudes  between  the  high  bay  area 
and  other  areas  were  helpful  in  planning  our  instrumentation.  They  were  also 
comforting  to  the  designers,  because  no  high  local  overpressures  were  predicted 
outside  the  high  bay  area. 

The  final  design  of  the  model  evolved  on  the  basis  of  the  above  design 
calculations;  the  need  for  access  to  all  outer  surfaces  of  the  model  for 
Installing  and  for  changing  instrumentation;  and  the  practical  requirements 
for  welding,  assembling,  inspection,  and  stress  relief.  A  support  structure 
allowing  access  from  below  was  designed  as  a  welded  grillage  of  deep  section 
I-beams,  with  seven  large  access  holes  cut  through  the  webs.  In  the  model 
Itself,  the  design  allowed  subassembly  of  units,  which  were  then  welded 
together  for  final  assembly.  The  method  and  sequence  of  construction  was 
planned  to  minimize  welding  distortions,  and  to  allow  complete  nondestructive 
Inspection  of  critical  welds. 

In  the  final  design,  there,  are  two  hinged  manhole  covers  for  access,  many 
transducer  holes,  sliding  doors  for  the  equipment  and  personnel  locks  which  can 
be  bolted  in  place  in  the  closed  position  or  held  open,  and  a  small  vent  pipe 
which  is  normally  closed,  but  can  be  opened  through  a  pneumatically  actuated 
valve. 

Model  Construction 


The  model  was  fabricated  at  Southwest  Research  Institute.  Steel  plate 
was  cut  to  size,  beveled  as  needed,  and  welded  into  subassemblies  using  machine 
and  hand  welding  equipment  and  methods.  All  "outer  envelope"  welds  which  must 
withstand  significant  blast  and  quasi-static  pressure  loads  were  fully  inspected 
using  approved  methods  of  nondestructive  inspection.  Any  critical  flaws  were 
ground  out  and  rewelded. 

The  model  was  assembled  in  several  subassemblies,  which  were  ocparately 
stress  relieved.  These  two  major  subassemblies  were  then  welded  together,  and 
other  small  parts  welded  in  place.  While  still  in  the  welding  shop,  the  model 
was  hydrostatically  tested  to  210  psig.  It  was  then  painted  and  installed 
at  our  test  range.  The  completed  model  is  shown  in  Fig.  1  and  2. 
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Figure  2.  Completed  Model  Installed  at  Test  Range 


INSTRUMENTATION 


In  these  tests,  three  types  of  transient  measurements  were  made  during 
Phase  I: 

1.  Blast  pressure 

2.  Gas  pressure 

3.  Temperature. 

In  addition,  heat  fluxes  were  measured  during  Phase  II.  There  were  53  measure¬ 
ment  locations  during  Phase  I,  Increased  to  63  during  Phase  II.  These  locations 
are  shown  schematically  In  Fig.  3  and  A.  On  any  one  test,  only  certain  locations 
were  Instrumented.  The  rest  of  the  sensing  locations  were  sealed  with  blind 
covers  to  maintain  model  pressure  tightness. 

Blast  Pressure 


The  majority  of  the  measurements  made  were  blast  pressures.  The  trans¬ 
ducers  selected  for  these  measurements  are  made  by  PCB  Plezotronlcs ,  Inc.,  and 
are  miniature  dynamic  sensors  specifically  designed  for  blast  wave  measurements 
which  require  very  high  frequency  response.  Two  basic  models  were  used.  Model 
102  and  Model  109A.  All  Model  102  transducers  have  the  same  mechanical  con¬ 
figuration  but  have  four  different  ranges  (250;  1,000;  5,000;  and  10,000  psl). 
For  those  gage  locations  very  close  to  the  charge,  Model  109A  (80,000  psl) 
transducers  were  used  because  of  the  higher  blast  pressures  expected.  This 
higher  range  transducer  does  differ  In  mechanical  configuration  from  the  lower 
range  transducers. 

Each  PCB  transducer  utilizes  an  acceleration  compensated,  quartz,  piezo¬ 
electric,  pressure  sensing  element  coupled  to  a  miniature  source  follower  with¬ 
in  the  body  of  the  transducer.  This  micro-electronic  amplifier  converts  the 
high  impedance  output  of  the  quartz  element  into  a  low  impedance,  high  level 
output  signal.  Regardless  of  range  or  configuration,  all  of  these  transdcuers 
have  a  rise-time  capability  of  one  microsecond. 

Recording  of  all  blast  pressure  data  was  done  on  two,  14-track,  Wideband 
II  FM  tape  recorders  at  a  speed  of  60  ips.  The  data  bandwidth  (-3db)  at  this 
recording  speed  is  0-250  kHz. 

Gas  Pressure 


For  gas  pressure  measurements  made  at  locations  where  the  blast  pressure 
amplitude  was  expected  to  be  only  slightly  higher  than  the  quaslstatlc  gas 
pressure,  Endevco  Model  8510M  transducers,  with  a  range  of  500  psi,  were  used. 

At  gas  pressure  locations  where  high  amplitude  blast  pressures  were  expected 
(primarily  in  the  high  bay)  Endevco  Model  8511A  with  a  range  of  2,000  psl,  and 
Kulite  Model  HKS-375  with  a  range  of  5,000  psi  were  used  to  sense  the  higher 
gas  pressure. 

All  of  these  transducers  use  a  four-arm  Wheatstone  bridge  diffused  into  a 
silicon  diaphragm.  These  plezoresistive  transducers  feature  greater  than  100  mV 
full-scale  output  voltage,  high  resonant  frequency,  good  linearity,  and  static 
pressure  response.  These  transducers  a  ?  capable  of  recording  blast  pressures. 


369 


K«<.*««wwiwsT^'u\wfnni,'y 


MS 

'' 

7~7IZZZZ 

46 

i 

A 

"  42 

/ 

44 

1  11  12 


■ZZ^  KA...2P.  izxy 

28 

pis 

• 

22 

•  21 

27 

i  A 

•  25 

A 

-i  26 

24 

30  31  ^ 

•  Blast  Pressure 
A  Gas  Pressufa 
■  Tamperature 

*  Heat  Flux 


32  n  33 


U, 


0  12  2A  Inches 


Figure  3.  Transducer  Locations,  Plan  View 


However,  because  of  their  static  pressure  response  capability,  they  were  set 
up  to  sense  the  gas  pressure  rise  within  the  model  structure,  while  at  the 
same  time  providing  a  reasonable  survival  rate  to  the  higher  blast  pressures. 

Bridge  power  and  output  signal  amplification  was  provided  with  Vlshay 
Model  2310  signal  conditioning  amplifiers.  These  units  accept  low-level 
signals  from  strain  gages,  plezoreslstlve  transducers,  thermocouples,  etc., 
and  condition  and  amplify  them  into  high-level  outputs  suitable  for  multi¬ 
channel  magnetic  tape  recordings. 

Recording  of  all  gas  pressure  data  was  made  on  a  14-track,  Intermediate 
band,  FM  tape  recorder  at  a  speed  of  30  ips.  The  data  bandwidth  (tldb)  at 
this  recording  speed  is  0-10,000  Hz.  This  bandwidth  was  more  than  sufficient 
to  record  the  gas  pressure  data. 

Temperature  and  Thermal  Flux 

Although  some  Inner  surface  temperature  measurements  were  made  during 
Phase  I  testing,  and  more  temperature  and  thermal  flux  measurements  during 
Phase  II,  the  primary  thrust  of  the  testing  was  to  obtain  pressure  measure¬ 
ments.  So,  we  do  not  detail  the  Instrumentation  for  recording  transient 
temperatures  and  thermal  fluxes.  See  Ref.  3-7  for  details. 

Playback  Electronics 

The  test  data  recorded  in  both  phases  were  played  back  and  digitized  using 
the  system  shown  in  Figure  5,  to  produce  the  data  plots.  Up  to  four  channels 
of  data  were  played  back  at  one  time  through  the  analog  filters  into  a 
Biomation  Model  1015  four-channel  transient  recorder.  This  recorder  digitizes 
the  incoming  analog  signals  at  sample  intervals  of  0.01  milliseconds  or  greater. 
Since  this  unit  has  four  separate  analog-to-digital  (A/D)  converters,  the 
samples  for  each  of  the  four  data  channels  are  time  correlated.  The  maximum 
number  of  samples  which  can  be  taken  la  1024  per  channel.  The  A/D  units  are  10 
bit  units,  which  means  that  the  analog  signals  are  digitized  with  a  resolution  of 
one  part  in  1024  of  the  full-scale  voltage  setting.  The  minimum  full-scale 
voltage  setting  is  0.1  volts. 

Once  the  test  data  (or  calibration  pulses)  are  properly  formatted  in 
digital  form,  the  DEC  11/23  computer  extracts  the  data  from  the  transient 
recorder  memory  through  the  CAMAC*  data  buss  and  stores  them  on  an  eight- 
inch  flexible  diskette.  A  graphics  terminal  is  used  to  display  each  data 
trace  for  verification. 

The  stored  data  on  the  diskettes  were  read  into  a  DEC  11/70  minicomputer; 
then,  the  appropriate  data  processing  plots  were  prepared  using  a  Printronix 
300  printer/plotter. 

DATA  REDUCTION 

General 


The  test  data  were  digitized  using  the  equipment  described  in  the  previous 
section  with  the  following  procedure.  The  calibration  signals,  1  kHz,  I  volt 

*Computer  Automated  Measurement  and  Control  ANSI/IEEE-583  Buss 
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Figure  5.  Test  Data  Playback  System 
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p-p,  recorded  on  each  tape  recorder  channel  prior  to  each  test,  were  digitized 
by  the  Blomatlon  unit  and  transferred  to  the  11/23  computer.  The  analog  filters 
were  set  to  a  low  pass  cutoff  frequency  of  200,000  Hz  for  the  calibration  signal 
playback.  The  digitized  calibration  signal  was  analyzed  to  establish  the  factor 
required  to  convert  the  test  data  to  engineering  units. 

The  calibration  factor  was  calculated  individually  for  each  gage  on  each 
test.  Then  the  analog  data  were  played  into  the  Blomatlon  recorder.  The 
filters  were  generally  set  at  a  low  pass  cutoff  frequency  of  2000  Hz  for  the 
gas  pressure  gages  and  2000  Hz  for  the  blast  pressure  gages  in  the  low  bay. 

The  filters  were  generally  set  at  a  low  pass  cutoff  frequency  of  200,000  Hz 
for  the  blast  pressure  gages  in  the  high  bay.  To  ensure  that  all  data  channels 
were  time  correlated,  the  signal  which  caused  the  charge  to  explode  was  recorded 
on  channels  1  and  2  of  each  tape  recorder.  This  signal,  which  we  call  time 
zero,  was  also  digitized  unflltered  in  channel  1  of  the  Blomatlon  recorder  each 
time  data  were  played  back.  The  data  digitized  by  the  Blomatlon  have  units  of 
counts.  The  data  amplitude  in  engineering  units  of  psl  is  then  determined 
using  calibration  data  for  each  transducer  and  the  calibration  factor  also. 

Extraction  of  Engineering  Design  Parameters  from  the  Pressure  Traces 

The  pressure  records  digitized  as  described  above  were  examined  to  obtain 
certain  parameters  useful  in  the  design  of  a  structure  loaded  by  an  internal 
explosion.  The  parameters  desired  are: 

o  quasi-static  pressure,  Pgg 

o  shock  pressure,  Pg 

o  shock  Impulse,  Ig 

o  duration  of  shock  loading,  Dg. 

The  definitions  of  these  parameters  are  given  in  Figure  6.  The  maximum  quasi- 
static  pressure  is  quite  difficult  to  define  because  it  is  obscured  by  the 
initial  shock  and  the  first  few  reflected  shocks.  Obviously,  several  reflec¬ 
tions  must  take  place  before  an  irreversible  process  attenuates  the  shocks  and 
converts  the  energy  Into  the  quasi-static  pressure.  We  have  decided  to  set  the 
PQS  by  examining  the  record  and  locating  the  time  at  which  the  shocks  appear 
to  be  well  attenuated.  The  amplitude  at  this  time  is  then  defined  as  the  quasi- 
static  pressure.  This  point  also  defines  the  duration  of  the  shock  loading. 

If  we  assume  that  the  quasi-static  pressure  builds  linearly  from  zero  to 
PqS,  then  the  shock  impulse  is  defined  as  the  integral  of  the  net  pressure 
amplitude  above  the  ramp  increase.  This  is  shown  in  Figure  6  as  the  shaded 
region  of  the  curve.  The  shock  pressures  are  then  the  amplitudes  of  the 
initial  shock  and  the  first  few  peaks,  again  above  the  ramp  Increase  in  the 
quasi-static  pressure. 

The  quasi-static  pressures  are  estimated  using  the  same  techniques  as  the 
blast  pressure  records.  The  shock  pressure.  Impulse,  and  duration  were  not 
extracted  from  these  records. 


374 


CD 


CD 

a 

CD 

• 

>s> 

9 

CD 

• 

O 

« 

a> 

■ 

« 

>s> 

• 

CD 

CD 

• 

CD 

CD 

o 

o 

O 

iS 

'S) 

CD 

CD 

I7i 

CO 

r''‘* 

'■£) 

UD 

•t 

9^ 

• 

1 

(Tsd)  annssjad 


Figure  6.  Definition  of  Parameters  Extracted  from  the  Blast  Pressure  Traces 


TEST  PLAN 


Test  Procedures 


All  of  the  explosive  charges  used  in  this  program  were  provided  by  Mason 
and  Hanger.  Mason  and  Hanger  also  conducted  a  number  of  tests  to  determine 
a  reliable  method  of  Initiation  so  that  output  (breakout)  from  the  spherical 
charges  was  as  simultaneous  as  possible.  (See  Ref.  12.)  Prior  to  conducting 
the  Phase  I  experiments,  12  PBX-9A04  charges,  two  pentolite  charges  and  two 
TNT  charges  were  selected  at  random  and  were  assembled  under  the  direction 
of  personnel  from  Pantex.  The  assembly  consisted  of  gluing  the  Reynolds 
Industries  RP-2  exploding  bridgewire  detonator  into  the  specially  machined 
cavity  in  each  charge.  Extra  care  was  taken  when  assembling  the  TNT  charges, 
since  these  charges  had  a  small  PBX-9404  pellet  at  the  bottom  of  the  cavity 
(to  provide  reliable  and  consistent  high  order  ignition)  which  has  to  be  proper¬ 
ly  seated.  These  assembly  procedures  were  followed  throughout  the  test  program. 

Each  test  began  with  the  preparation  of  a  data  sheet  which  defined  the 
gage  location,  gage  serial  numbers,  amplifier  gain,  charge  location,  and  other 
test  information  for  the  range  personnel.  The  technicians  would  then  install 
the  gages  in  the  model  and  connect  them  to  the  Instrumentation  system.  If  a 
gage  had  already  been  installed,  then  all  exposed  wiring  was  inspected  and 
corrected  if  necessary.  The  gages  were  checked  for  continuity  at  the  amplifier 
to  ensure  that  each  channel  was  properly  connected  and  that  the  transducer  was 
electrically  sound.  The  test  prolog  and  the  1.0  volt,  1  kHz  calibration  were  then 
recorded  on  each  of  the  three  analog  tape  recorders. 

A  technician  then  examined  each  transducer  from  the  inside  of  the  model. 

Any  debris  on  the  transducer  diaphragm  was  carefully  cleaned  off.  The  Endevco 
gas  gages  have  a  recessed  diaphragm.  The  cavity  on  the  exposed  face  of  the 
transducer  must  be  filled  with  an  opaque  grease  to  protect  the  transducer  and  to 
prevent  a  photoelectric  response  from  the  light  emitted  from  the  fireball. 

This  cavity  was  filled  with  a  syringe  prior  to  each  test  (after  Test  4)  with 
the  grease  provided  by  Endevco.  A  thin  coat  of  Dow  Corning  DC-4  was  applied 
over  the  diaphragm  for  thermal  shielding.  The  last  step  in  preparing  for  the 
test  was  to  suspend  tha  charge  at  the  location  specified  for  the  test.  This 
was  accomplished  by  placing  the  charge  in  a  portion  of  a  fish  net,  and  hanging 
the  net  from  one  of  several  nuts  which  had  been  welded  to  the  roof  of  the  high 
bay.  Charge  locations  are  shown  In  Fig.  7.  Nuts  welded  to  strategic  points 
on  the  floor  provided  additional  tie-down  points  to  ensure  that  the  charge  was 
suspended  as  close  as  reasonably  possible  to  the  desired  charge  location.  Still 
photographs  of  the  suspended  charge  were  taken  before  the  two  manhole  doors  were 
closed.  The  pneumatic  valve  used  to  relieve  the  pressure  in  the  model  after  a 
test  was  checked  to  ensure  that  the  valve  was  closed.  The  range  was  then 
cleared  of  all  personnel. 

At  this  point,  the  tape  recorders  were  placed  in  the  record  mode,  and  the 
charge  was  fired.  The  tape  recorders  were  left  on  for  a  minimum  of  10  seconds 
before  being  turned  off.  Once  all  recorders  had  been  shut  down,  the  pneumatic 
valve  was  opened  remotely,  and  the  pressure  in  the  model  was  allowed  to  vent. 

The  lead  technician  then  checked  the  current  weather  conditions  and  made  the 
appropriate  entries  on  the  data  sheet.  The  manhole  covers  were  opened,  and  fans 
were  placed  in  front  of  the  openings  to  clear  the  detonation  products  from  the 
model.  The  fans  were  run  for  one  hour  before  any  personnel  had  access  to  the 


Inside  of  the  model.  Then  the  exterior  and  Interior  of  the  model  were  examined 
for  any  signs  of  damage  and/or  gas  pressure  leakage. 

Phase  I  Test  Matrix 

The  12  tests  planned  for  Phase  I  are  summarized  in  Table  1.  Test  0  was 
planned  for  a  leakage  check  of  the  model,  but  also  yielded  some  useful  transient 
pressure  data,  so  it  is  included  In  the  matrix.  As  noted  earlier,  the  primary 
purpose  of  this  phase  was  to  define  transient  and  long-term  pressure  loads  in 
areas  out  of  the  high  bay,  so  instrumentation  was  concentrated  there  for  most 
tests  in  this  phase. 

Phase  II  Test  Matrix 

This  phase  Included  37  tests,  arranged  according  to  the  matrix  in  Table  2. 
Here,  the  high  bay  area  was  Instrumented  more  completely.  Note  that,  in  both 
phases,  tests  in  any  specific  configuration  were  replicated  at  least  once, 
and  usually  twice,  to  determine  repeatability  of  measurements.  For  Tests  40-45, 
the  model  was  modified  by  welding  a  closure  over  the  high  bay  door,  to  lower  the 
Internal  volume  and  Increase  quasi-static  pressure. 

TEST  RESULTS  AND  DISCUSSION 

We  recorded  useable  data  on  most  recording  channels  on  all  tests,  except 
during  Tests  12,  13  and  22  when  a  tape  recorder  malfunctioned,  or  during  most 
of  the  tests  when  transducers  were  damaged  by  severe  thermal,  shock,  ^r  frag¬ 
ment  impact  loads. 

The  reduced  data,  in  a  format  of  one  time  history  per  page,  are  truly 
voluminous,  and  appear  in  Ref.  4,  6,  and  7.  They  are  much  coo  extensive  to 
reproduce  here.  Typical  blast  pressure  records  are  shown  in  Fig.  8,  and  gas 
pressure  records  in  Fig.  9.  The  multiple  shocks  were  quite  pronounced  in  the 
high  bay  area,  but  were  markedly  attenuated  at  almost  all  locations  out  of  the 
high  bay.  Quasi-static  pressures  in  this  gastight  model  quickly  equilibrated 
throughout  the  model  (within  15-35  ms).  The  test  data  replicated  very  well, 
with  all  features  of  the  complex  time  histories  of  pressure  being  essentially 
repeated  during  repeat  tests,  and  small  scatter  in  quasi-static  pressure 
measurements . 

During  the  Phase  I  testing,  it  quickly  became  apparent  that  quasi-static 
pressures  for  PBX  9404  explosive  were  considerably  lower  than  predicted  from 
methods  in  Ref.  2  which  are  based  on  TNT  data  and  comparative  heats  of  detona¬ 
tion  of  the  two  explosives.  A  summary  of  these  measurements  from  the  Phase  1 
tests  appear  in  Table  3. 

In  the  Phase  II  testing,  much  more  data  were  accumulated  on  quasi-static 
pressures,  because  explosive  charge  weight,  test  chamber  volume  and  type  of 
explosive  were  all  varied.  The  average  values  for  Pgg  for  all  tests  are 
plotted  in  Fig.  10  versus  the  "loading  density"  W/V.  The  line  for  TNT  is 
reproduced  from  Ref.  2.  Note  that  all  data  for  PBX  9404  lie  bciow  the  predic¬ 
tion  line,  while  data  for  cylindrical  and  cased  cylindrical  charges  lie  above  the 
line. 
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Blast  Loads  in  tha  Pantax  Damaged  Weapons  Facility 
Test  No.  39  Location  40 


Blast  Loads  in  the  Pantex  Damaged  Weapons  Facility 
Test  No.  20  Location  6 


Time  (ms) 

Figure  8.  Blast  Pressure  Records 
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Gas  Pressure  (psU  Gas  Pressure  (ps 


Gas  Loads  in  the  Pantax  Damaged  Weapons  Facility 
Test  No.  46  Location  24 


Tima  Ims) 


Gas  Loads  in  the  Pantex  Damaged  Weapons  Facility 
Test  No.  28  Location  11 


Figure  9.  Gas  Pressure  Records 
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Table  3.  Summary  of  Quasi-Static  Pressure  Measurements 
from  Phase  I  Tests 


PQS  (PSD  Estimatsd  From 


Blast  Door 
last  No.  Position 


1 

Closed 

2 

Closed 

3 

Closed 

4 

Closed 

5 

Closed 

6 

Closed 

10 

Closed 

11 

Closed 

12 

Closed 

7 

Open 

8 

Open 

9 

Open 

0 

Closed 

ITNTI 

Gas  Gagas 
PQS  S.D. 


43.3 

1.1 

49.1 

2.0 

45.9 

0.7 

46.9 

4.2 

41.0 

0.9 

43.7 

2.7 

SI  .5 

5.5 

47.3 

1.5 

49.7 

3.5 

46.5  ±  3.4 

40.5 

2.5 

40.1 

1.6 

40.2 

1.6 

40.3  ±  0.2 

77.0 

6.3 

Blast  Gagas 
PQS  S.D. 

41.2 

6.3 

51.7 

6.0 

48.6 

8.1 

44.4 

4.6 

46.2 

6.4 

46.0 

7.1 

50.6 

6.1 

44.7 

5.1 

46.7  ±  3.5 

38.0 

7.8 

39.5 

4.3 

39.0 

6.2 

38.8  ±  0.6 

65.4 

10.5 
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We  realized  that  the  quasi-static  pressures  In  this  range  of  loading  density 
must  depend  on  the  heat  of  combustion  of  the  explosive,  as  much  as  the  heat  of 
detonation,  because  there  Is  enough  oxygen  In  the  air  In  the  chamber  to  allow 
considerable  afterburning  and  consequent  heat  addition  to  raise  the  pressure. 
Measurements  of  heats  of  combustion  during  Phase  II  allowed  us  to  adjust  the 
effective  charge  weights  for  the  explosives.  In  a  manner  described  In  Ref.  5. 

The  high  quasl-statlc  pressures  for  the  cylindrical  charges  were  at  first 
puzzling,  until  we  realized  that  both  types  of  cylindrical  charges  had  combus¬ 
tible  plastic  discs  In  Intimate  contact,  and  that  the  aluminum  casing  for  the 
cased  charges  could  also  be  partially  combustible.  Accounting  for  the  effect 
of  these  energies  on  the  quasl-statlc  pressure  allowed  us  to  adjust  the  corre¬ 
lation  with  W/V,  as  shown  In  Fig.  11. 

Unlike  the  quasl-statlc  pressure  data,  there  were  no  particular  surprises 
In  the  shock  pressure  data.  We  did  note,  however,  that  the  effects  of  chang¬ 
ing  charge  geometry  from  spherical  to  cylindrical  with  L/D  ratio  of  1:1  were 
minimal.  Also,  the  change  from  single  spherical  charges  to  pairs  of  spherical 
charges  with  the  same  total  weight  produced  only  minimal  changes  In  shock  pres¬ 
sure  signals,  for  the  particular  charge  location  and  gage  measuring  stations 
chosen  In  this  program. 

CONCLUSIONS 

We  can  summarize  by  giving  the  major  conclusions  of  the  Phase  I  and  Phase 
II  testing  as  follows: 

o  Replication  of  tests  yielded  consistent  results 

o  Shock  loading  Is  strongly  attenuated  by  propagation 
through  the  hlghbay  door  Into  the  lowbay 

o  The  quasl-statlc  pressure  Is  Independent  of  charge  location 

o  The  quasl-statlc  pressure  Is  dependent  on  the  explosive  type, 

explosive  weight  and  the  enclosed  volume 

o  Cylindrical  charges  with  L/D  ratios  of  1:1  produce  shock  loading 
similar  to  equal  weight  spherical  charges 

o  For  the  configuration  tested,  multiple  charges  yield  the  same 
results  as  an  equivalent  single  charge 

o  Material  near  the  charge  can  substantially  Increase  the  quasl-statlc 
pressure. 

The  reduced  data  for  shock  loading  on  the  walls  of  the  high  bay  area  are 
voluminous  and  could  be  used  as  a  data  base  for  verifying  analytical  or  enqilrlcal 
shock  loading  prediction  methods  in  design  manuals.  That  task  was  not,  however, 
part  of  the  scope  for  this  work. 


385 


QUASI-STATIC  PRESSURE  (PSI) 


Figure  11.  Quaal-Statlc  Pressure  versus  Effective  Chsrge  to  Volume  Ratio 
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>  daratloa 

a^ff  ■>  ratio  of  affaotiva  vant  araa  to  total  aaoloaara  aarfaoa  area 

Y  ■■  ratio  of  apeoifio  heata 

n  ■  aoadiaeaaional  tara 

T  «  noadiaanaional  daratioa 

o  ■  standard  deviation 

-  (bar)  >  nondiaentional  tern 
^  (carrot)  -  oalonlated  quantity  froa  curve  fit 


INIBODDCTION 


The  loading  froa  an  explosive  charge  detonated  within  a  vented  or  nn~ 
veuted  structore  oonsista  of  two  alaoat  distinct  phases.  The  first  phase  is 
that  of  reflected  blast  loading.  It  consists  of  Che  initial  high  pressure, 
short  duration  reflected  wave,  plus  perhaps  several  later  reflected  pulses  ar¬ 
riving  at  tiaea  closely  approxiaated  by  twice  the  average  tiae  of  arrival  at 
the  ohaaber  walls.  These  later  pulses  are  usually  attenuated  in  aaplitude  be¬ 
cause  of  irreversible  theraodynaaic  process,  and  they  aay  be  very  coaplex  in 
wavefora  because  of  the  coaplexity  of  the  reflection  process  within  the  struc¬ 
ture,  whether  vented  or  unvented,  Naxiaa  for  the  initial  internal  blast  loads 
on  a  structure  can  be  estiaated  froa  scaled  blast  data  or  theoretical  analyses 
of  noraal  blast  wave  reflection  froa  a  rigid  wall.  Following  the  initial  and 
secondary  shook  wave  reflections  froa  the  internal  walls,  the  pressure  settles 
to  a  slowly  decaying  level  —  the  shock  wave  phase  of  the  loading  is  over. 

The  second  phase  of  a  slowly  decaying  pressure  i$  a  function  of  the  voluae  and 
vent  area  of  the  structure,  and  the  nature  and  energy  release  of  the  explo¬ 
sion. 


The  process  of  reflection  and  pressure  buildup  in  either  unvented  or 
poorly  vented  struotures  has  been  recognised  for  aoae  tiae,  dating  froa  World 
War  II  research  on  effects  of  boabs  and  explosives  detonated  within  enclo¬ 
sures.  However,  very  little  data  were  available  froa  WWII  and  no  atteapt  was 
Bade  to  understand  or  relate  the  physical  processes  until  19(8  when  Weibnll 
[1]  correlated  peak  quasi-static  pressure  versus  the  charge  weight  for  a  ser¬ 
ies  of  experiaents  with  TNT  detonated  within  a  vented  enclosure.  More  recent¬ 
ly,  study  of  these  pressures  has  revived  because  of  interest  in  design  of 
vented  and  unvented  explosion  containaent  ohaabera. 

A  typical  tiae  history  of  pressure  at  the  wall  of  a  vented  structure  is 
shown  in  Figure  1.  One  can  see  that  the  aaxiaua  quasi-static  pressure  is 
quite  difficult  to  define  because  it  is  obscured  by  the  initial  shock  and 
first  few  reflected  shocks.  Obviously,  several  reflections  aust  occur  before 
irreversible  processes  attenuate  the  shocks  and  convert  their  energy  to  quasi- 
static  pressure.  Therefore,  it  seeas  inappropriate  to  call  point  A  in  Figure 
1  the  peak  oi>asi-statlo  pressure,  although  this  is  the  point  used  by  Ilngery, 
et  al.  [2]  to  ooapare  with  code  predictions  froa  Proctor  and  Filler  [3]  and 
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Typical  Preasore-Tiae  History  of  an  Explosion  in  a  Vented  Strnctnre 


5 1«  ^ 


til*  Kiaaty  tad  Sawall  •qaatloa  [4].  A  better  epproaeh  le  to  ellov  eoae  tlae 
for  eetabliehlag  the  aeslaua  preeeure,  evoh  ae  point  B  la  Flfore  1.  Hie 
eanller  the  vent  area  to  the  total  wall  area,  the  eloaer  the  preaanre  at  point 
B  will  be  to  that  at  point  A,  and  in  the  limit  of  the  vent  area  being  aero 
(that  ia.  an  onveated  eaoloaore).  the  preaeoree  at  poiate  A  and  B  will  eoia- 
aide. 


Figure  1  alao  illnatratea  another  problem  inherent  ia  rednotioa  of 
vented  preaanre  data:  aoonrate  determination  of  dnratioa  of  thla  preaanre. 
When  the  preaanre  approaohea  ambidat.  the  ahook  refleotlona  have  largely  de- 
oayed.  Bat.  the  preaanre  approaohea  the  baaeliae  nearly  aeynptotloally  ao 
that  the  dnratioa  la  quite  dlfflonlt  to  determine  aoonrately.  A  poaaible  dn- 
ration  tm^x  •hova  in  the  figure. 

In  apite  of  oomplezltiea  ia  the  venting  prooeaa.  gaa  preaanrea  and 
their  dnrationa  oan  be  predioted  with  reaaonable  aoonracy.  partionlarly  if  one 
differeatiataa  between  theae  relatively  long  term  and  low  amplitude  preaanrea 
from  the  internal  bleat  preaanrea  reaulting  from  bleat  wave  impingement  and  re¬ 
flection.  Oenerally  of  great  Intereat  in  the  blaat  loading  of  atrnotnrea  re- 
anlting  from  interior  ezploaloaa  are  the  peak  qnaai-atatio  preaanre,  the  dura¬ 
tion,  and  the  total  Impnlae.  The  following  paragrapha  will  develop  and  de- 
aeribe  relationahlpa  among  variona  phyaioal  parametera.  Functional  relation- 
ahipa  will  be  derived  from  ainilltnde  analyala,  bnt  the  exact  functional  form 
cannot  be  aacertained  from  thia  analyaia  without  invoking  reatriotive,  aimpll- 
fying  aaanmptiona.  However,  a  large  quantity  of  experimental  data,  from  a  va¬ 
riety  of  aouroea  [1-22],  allow  empirloal  relationahlpa  to  be  obtained. 


SIMILIHTDE  ANALYSIS 


A  model  analyaia  waa  performed  to  determine  the  functional  form  of  the 
quaal-atatio  preaanre  verana  phyaioal  parametera  pertinent  to  a  vented  atruo- 
tnre.  The  problem  ia  envlaioned  aa  an  inatantaneona  energy  releaae  of  magni¬ 
tude  W  inaide  a  confined  volume  V.  A  vent  area  (a^ff  A)  exiata  through  which 
internal  gaaea  oan  eaoape,  where  a^ff  ia  the  effective  ratio  of  vent  area  to 
total  oroaa-aectional  area  of  the  walla.  Ambient  atmoapherlo  preaanre  p^  ex¬ 
iata  initially  inaide  and  ontaide  the  confined  volume.  To  define  an  equation- 
of-atate  for  the  gaaaa  ia  thia  problem  requirea  two  additional  parametera 
which  are  the  ratio  of  apccifio  heata  y  and  apeed  of  aonnd  a^.  Table  1  anmma- 
rixea  the  parametera  in  thia  problem  and  liata  their  fundamental  dimenaiona  in 
a  ayatem  of  nnlta  of  force  F,  length  L.  and  time  T. 

Nondimenaional  numbera,  or  pi  terma,  can  be  developed  from  the  liat  of 
variablea  in  Table  1.  The  aaaumptlona  in  thia  analyaia  are  all  ia  the  defini¬ 
tion  of  the  problem.  Phenomena  are  not  conaldered  which  do  not  have  parame¬ 
tera  Hated  in  the  table.  Probably  the  major  aaaumption  invoked  ia  that  ther¬ 
mal  effecta  are  ignored  —  ia  other  worda,  the  preaanrea  diaaipate  through 
venting  and  not  through  the  conduction  of  heat  into  the  walla  of  the  atruc- 
ture.  An  acceptable  act  of  pi  terma  which  reault  are: 
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Not**  howoYor,  that  adds  no  now  infoxaation  ainoo  tlio  lapola*  oan  b*  ex¬ 
plicitly  obtained  by  intefrating  tb*  preaanr*  witb  reapeet  to  tin*. 

Xn  general  tema*  dinenaional  analyaia  atatea  that  the  fnnotional  for- 
nat  for  the  rednood  preatnre*  n\,  is  given  by: 
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(7) 


If  we  are  only  interested  in  predicting  the  peak  qnasi-statio  preasnre*  the  re¬ 
sult  will  not  depend  upon  tine,  hence  the  funetional  fom  nust  be  invariant 
with  reapeot  to  the  last  pi  tern.  Likewise,  for  y  a  constant  (as  it  would  be 
for  air),  the  functional  fom  will  not  depend  upon  y*  hence: 

where  f  is  the  ratio  of  the  naxinun  absolute  quasi-statio  pressure  to  anbient 
presaura.  i.e.: 


(9) 
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tad  PQ8  is  tilt  ooBTtBtioul  ftft  4Mtt-stttie  prtttort.  Provldtd  tht  flow 
tiuroagh  tht  vtat  it  null  rtUtivt  to  tkt  rttt  of  tatrijr  rtltttt,  tkt  Malawi 
prttaurt  will  ooeoc  btfort  tigttifiooat  vtatiag  bat  trtatpirod.  Aad  tiaot  tbt 
tabitat  prtttart  it  ottoatlally  aa  iawariaat»  B^aatioa  (8)  eaa  tbaa  bt  writtaa 
foe  tbo  aaxiaaa  aaati-atatie  prtataet: 


*QS 


(10) 


Ibt  blow-dowa  tiat>  ox  daxatioa.  oaa  alto  bt  txpxttatd  at  a  faaotioaal 
xtlatioatbip  with  xtaptet  to  tbt  otbtx  pi  taxat: 


(11) 


Bat  it  Jatt  baa  btta  abowa,  if  tbt  atziawa  qaaai-atatio  pxtttaxt  it  xttobtd 
btfoxt  tignifitaat  atatiag  oooaxt,  that  tbt  laat  ttxa  f/(PoV)  it  t  faaotioa  of 
tbo  fixtt  ttxa,  p/Po«  Aadt  tiaot  y  it  ta  iavaxiaai,  Bqaatioa  (11)  btooatt: 


t  a 


y2/3 


(12) 


Battd  oa  a  tbtoxttioal  aatlytit  of  obaabtx  vtatiag  by  Owottxtk  [221* 
Baktx  tad  Oldbta  (241  tbowtd  that 


yl/3  “  A) 


ox 


t 


. . y _ 

*o  <%ff 


(14) 


la  pbytioal  ttxat,  Bspxtttioa  (14)  atatta  that  tbt  blowdowa  tiat  it  dixtotly 
pxopoxtioaal  to  tbt  obaabtx  yolaat  diwidod  by  tbt  tfftotiwt  wtatiag  axta,  aot 
to  aatzptottd  xttalt.  Ezpxtatioa  (13)  that  allowa  at  to  tiaplify  Bqaatioa 
(12)  by  dtfiaiag  a  atw  toaltd  tiat  V: 
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Ibna,  til*  toalcd  durttloa  is  also  only  a  faaetioa  of  tlta  rodaoad  prasaara. 

_1ha  last  xalatloaship  to  obtala  is  a  aoadiaaaaioaal*  or  radaoad.  la~ 
paisa  Ig.  Figara  2  ahows  a  siapllfiad  fora  for  gas  vaatiag  prassuras.  la 
this  siaplifiad  fora,  tba  gas  vaatiag  prasaara  ia  aasaaad  to  folio*  tha  aolld 
earva  whioh  risaa  liaaarly  froa  tlaa  aaro  aatll  it  raachas,  at  tlaa  t^,  a 
oarva  wbiob  is  daoayiag  arpoaaatially  froa  aa  iaitial  aaxiaaa  valaa  of  pj, 
vhara  p],  is  tba  abaolata  gaasi-ststio  prasaara  at  tiaa  t  "  0.  lb*  daosy  tbaa 
follows  tbs  tiaa  biatory 

p(t)  •  Pj  a  **  (17) 

aatil  it  raacbas  aabiaat  prassar*  pp  at  tiaa  t  *  t^ax*  axpoaaatisl  daoay 
is  sbowa  to  sgra*  wall  with  axpariaaat  (Kiagary,  at  al.  [2],  sad  Sebaaaebar, 
at  al.  [S]).  1b*  oross-batobad  sraa  aadar  tb*  ovarprassara  oarva  is  dafiaad 

as  tb*  gas  i^^alsa  ig,  sad  is  foaad  by  iatagratiag  Bqaatioa  (17)  with  raspaot 
to  tiaa: 


1,  -  /“•  [,(.)  - ,.]  d. .  /“«  L 
0  0  \ 


1b*  daratioa,  t„,^,  will  b*  obtaiaad  froa  Bgaatioas  (15)  aad  (16).  Likavisa, 
as  will  b*  sbowa  later,  tb*  axpoaaatial  daoay  faotor,  o,  osa  b*  writtaa  ia 
taras  of  t^xx  P  •  *t*tad  asrliar,  tb*  ia^als*  osa  tbaa  b*  foaad  ax- 
plioitly  froa  tb*  otbar  aoadiaaasioaal  ralstioasbips,  bat  it  i*  still  asafal 
to  display  tba  isvals*  grapbioally.  8iao*  the  istpals*  dapaads  apoa  tb*  dara¬ 
tioa  aad  tb*  prasaara,  sad  tba  aoaliag  faotor  for  tiaa  is  givaa  by  Bxpraasioa 
(14),  tbaa  a  saitabla  oboio*  of  paraaatars  to  seal*  tb*  iapals*  ia: 

i-  A 
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Bat  the  atziaom  prtssar*  and  th«  aotlad  doratlon  ara  fnnotlons  only  of  the  ra~ 
dneed  praaenra,  honoa 


1 


I 


(20) 


Bqaetiont  (10).  (Id),  end  (20)  anpeeae  the  fnnotlonel  reletionthlpa  be¬ 
tween  the  verloas  phyeioel  pereaetere.  The  next  eeotlon  will  eapirioelly 
detenino  the  fnaotionel  fonte  vie  onrve-f ittlnp  of  experiaentel  date.  How¬ 
ever.  e  brief  dleonesion  of  the  effeotive  vent  ares  ratio,  a^ff,  it  in  order. 

Venting  oan  be  geoaetrioelly  qnite  ooaplioeted  for  aoae  etmotoree. 
partionlarly  those  straotores  referred  to  as  eappreeiive  etrnotnree  which  of¬ 
ten  have  three  to  six  wall  layers  with  vsrione  etagfered  venting  patterns  so 
fragaente  will  not  escape  the  oonfineaent.  For  anlti-welled  oonfineaent.  an 
effeotive  vent  ares  ratio  anst  be  ooaputed.  To  ooapnte  a^ff  for  a  anlti- 
welled  strnotore.  we  have  ased 


(21) 


where  N  is  the  noaber  of  eleaents  in  a  suppressive  structure  panel.  Although 
no  proof  of  this  relationship  is  presently  possible,  it  does  reeoh  the  appro¬ 
priate  limits  for  saell  and  large  numbers  of  plates.  For  example,  if  only  one 
plate  is  present,  a^ff  ■■  as  it  should.  If  an  infinite  nnaber  of  plates  is 

present,  a^ff  0.  with  the  flow  coapletely  choked.  If  one  of  the  plates  is 
solid,  and  thus  has  a  zero  o.  ••  0  as  it  should.  If  all  plates  have  the 

some  value  for  a.  a^ff  >■  u/N.  which  is  a  noaber  smaller  than  a  for  a  single 
plate  as  would  be  expected.  In  each  aeaber.  a  is  defined  according  to: 


o 


A  . 
YJflt 

^wall 


(22) 


For  plates,  the  aesning  of  this  definition  is  obvious.  However,  in  angles  and 
louvres,  the  definition  is  less  obvious  since  angles  end  louvres  ere  aore 
efficient  in  constricting  flow  than  are  plates  with  holes.  Details  for  coaput- 
ing  the  o*s  for  aore  coaplicated  geometries  can  be  found  in  Baker  and  Oldhoa 
[24]  and  Baker,  et  al.  [25]. 


GRAPHICAL  DISPLAY  OF  DATA 


The  proceeding  discussion  deterained  which  physical  paroaeters  are  in¬ 
terrelated.  This  analysis  permits  the  Judicious  choice  of  parameters  to 
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iif. 


c. 

dltplty  ozp«rin«atal  datk  grkpliioally.  Eqaation  (10)  atataa  that  the  paak 
qnaai-atatio  praaanzo  la  oaly  a  fanotlon  of  tha  okarga  anargyto-volnaa  ratio. 
Tkaa,  a  plot  of  azparlaaatal  data  of  pQg  varaaa  W/V  will  datamina  tkia  fimo- 
tioaal  ralationahip.  Pignraa  3  and  4  diaplay  tha  data  froa  177  taata,  aad  aa 
oaa  ba  aaaa.  tba  azpariaaBtal  data  raaga  ovar  aavaral  ordara  of  aagaitada. 
Figara  3  la  a  graph  of  tha  data  ia  aatria  naita,  whila  Figora  4  la  tha  idaati- 
cal  graph  azoapt  it  ia  diaplayad  in  Bngliah  nalta.  lha  data  iaolnda  taata 
ooadnatad  with  tha  followiag  high  azploaivaa  (HE):  TNT.  PBIN.  PBX-9502,  50/50 
Paatolita.  dyaaalta.  C-4.  Coaip  B*  aad  RDX. 

Oaa  approzlaation  haa  baaa  aada  ia  plottiag  thaaa  data.  For  aay  givaa 
high  azploaiva,  tha  oharga  aaargy  ia  diraotly  proportioaal  to  tha  azploalva 
aaaa.  Alao.  tha  aaargy-to-aaaa  ratio  for  aoat  high  azploaivaa  ia  approziaata- 
ly  tha  aaaa.  Figoraa  3  and  4.  for  oonvanianoa,  naa  tha  aaaa  of  tha  azploaiva 
for  the  ayabol  W.  No  attaapt  haa  baan  aada  to  noraallza  all  tha  high  azplo¬ 
aivaa  to  TNT  ainca  tha  aoattar  in  data  froa  azpariaanta  with  tha  aaaa  high  az¬ 
ploaiva  often  aaaka  the  affaota  of  alight  variationa  of  the  anargy-to-aaaa  ra¬ 
tio  dlffaranaaa  between  azploaivaa.  (For  oarafnlly  controlled  azpariaanta. 
the  diffaranoaa  in  affaota  of  energy  variation  between  azploaivaa  can  ba  aaa- 
anrad.  Indeed,  for  a  aariaa  of  azpariaanta  oondnotad  by  Hokanaon.  at  al. 

[21],  where  qnaai-atatio  praaanraa  ware  aaaanrad  for  bare  azploaiva  and  tha 
aaaa  azploaiva  aaaa  anoaaad  in  plaatio  and  alnalnna,  the  contribution  of  the 
ozidizad  oaaing  to  tha  paak  qnaai-atatio  praaanra  waa  thaoratioally  ooaputad 
and  aaaanrad  azparlaantally.)  It  ahonld  ba  noted,  however,  that  if  azploaion 
aoanarioa  other  than  HE  datonationa  are  of  Intaraat,  a.g..  variona  fnal/air 
alztnraa,  than  tha  TNT  equivalent  weight  ahonld  fir at  ba  datarained  and  than 
naad  for  W  if  thaaa  grapha  are  to  ba  need  to  dataraina  tha  paak  qnaai-atatio 
praaanra. 

It  ia  reaaonabla  to  azpact  tha  peak  qnaai-atatio  praaanra  to  ba  diraot¬ 
ly  proportional  to  the  oharga  weight,  and  azaaination  of  tha  data  in  Figure  3 
oonfirma  thia  anppoaition  for  aaall  and  large  W/V.  For  intamadiata  valnaa  of 
W/V,  a  tranaitlon  region  ia  avidant.  For  W/V  <  0.4  kg/a^,  ooaplata  ozidation 
of  the  azploaiva  oooura.  But  if  W/V  ia  too  large,  inanffioiant  ozygan  ia 
available  to  convert  all  tha  potential  energy  available  in  tha  azploaiva 
charge,  and  tha  energy  ralaaaa  ia  radnoed  by  tha  ratio  of  tha  heat  of  detona¬ 
tion  to  tha  heat  of  ooabnatlon.  Thna,  for  W/V  >  11.0  kg/a^,  the  primary  ozi- 
dizar  available  ia  that  in  tha  azploaiva  itaelf.  A  tranaitlon  region,  0.4  < 
W/V  <  11.0,  oonnaota  tha  two  ragiona.  Linear  laaat-aqnaraa  onrva  fita  have 
baan  parfonaad  on  tha  data  in  tha  two  and  ragiona,  and  are  ahown  in  Fignra  3.* 
A  aavanth-ordar  polynomial  of  tha  fora: 


*  All  onrva  fittinga  ia  thia  article  have  baaa  performed 
nataa.  Linear  thna  refer a  to  tha  fora  of  tha  curve  la 


in  log-log  ooordl- 
a  log-log  plot. 
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Figure  3.  Peak  Quasi-Static  Pressure  Versus  the  Eatio  of  Charge  Weight 
to  Enclosure  Voluaie  (Metric  Units) 


Fifoze  4.  Peak  Quasi-Static  Pressure  Versus  tke  Ratio  of  Charge  Weight 
to  Enclosure  Volusw  (Eagiaeering  Units) 


log  *1  1®*  Ilo*  (W/V)]^  +  *3  Hog  (W/V)]^  + 

[log  (W/V)]^  +  *3  [log  (W/V)l^  +  Og  [log  (W/V)]*  + 

*,  [log  (f/V)]^  (23) 


was  tben  used  to  curve  fit  the  entire  range  of  data,  where  log  repreaenta  the 
logarltha  to  the  bate  10.  Such  a  high  order  polynonial  ia  required  beoauae  of 
the  nuaber  of  oonatrainta:  the  elopes  and  Interoepta  at  each  end,  the  points 
where  the  polynomial  connects  with  the  etralght  lines,  and  the  constraint  that 
the  curve  be  a  least-squares  fit.  This  is  a  total  of  seven  constraints  which 
stipulates  at  least  a  sixth-order  polynoaial  for  the  curve  fit.  But  the  ap¬ 
pearance  of  the  data  in  Figure  3  laplies  that  an  odd  function  (as  opposed  to 
an  even  function)  should  be  used.  Hence,  a  seventh-order  polynomial  becomes 
the  minimum  order  polynomial  stipulated.  Table  2  lists  the  coefficients  of 
Equation  (23)  as  well  as  the  linear  expressions  for  the  two  asymptotes.  Table 
3  lists  the  comparable  coefficients  and  asya^totes  for  pressure  in  psl  and  W/V 
in  Ib/ft^  (Figure  4). 

The  standard  deviation  for  Equation  (23)  has  also  been  computed  but 
needs  to  be  interpreted  properly.  The  standard  deviation,  a,  is  usually  used 
as  an  estimate  of  the  scatter  in  data,  or  error  in  predictions.  One  standard 
deviation  encompasses  approximately  68  percent  of  all  data  values.  The  uncer¬ 
tainty  in  estimating  an  observable  is  often  written  at  the  calculated  quantity 
plus  or  minus  one  standard  deviation: 


log  p^g  -  log  $^g  + 


(24) 


where  pQg  is  the  estimated  quasi-static  pressure,  is  the  computed  quasi- 
static  pressure  from  the  curve  fit,  and  is  the  computed  standard  deviation. 
Define  Og  such  that 


log  o^  -  Op  (25) 

The  right-hand  side  of  Equation  (24)  can  then  be  written  as 

lot  pQg  ±  log  Op  (26) 

so  that  Equation  (24)  can  be  rewritten  as; 
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Table  2.  Stuwery  of  Peak  pQs  Verana  W/V 
[MPa  Verana  kg/a^] 


log  p^g  -  0.30759  +  0.5181S  log  (W/V)  -  0.150534  [log  (W/V)]^  + 
0.31892  [log  <W/V)1^  +  0.10434  [log  (W/V)]^  -  0.14138  [log  (W/V)]®  + 
-  0.019206  [log  (W/V)l®  +  0.021486  [log  (W/V)]’ 

Correlation  Coefficient,  r:  0.993 


One  Standard  Deviation:  Oq  ~  1.247 


9L. 


1.247 


i  PqS  i  P 


QS 


Aayaptotea : 

W/V  i  0.4  kg/n® 

Pgg  -  2.347  (W/V)®*”®® 

-  1.143 

0 

W/V  1  11.0  kg/n® 

Pjjg  -  1.1004  (W/V)®*®*®* 

o  »  1.300 
o 
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Table  3.  Snaaary  of  Peak  pQg  Varava  W/V 
[pal  Varava 


log  p^g  -  3.3138  +  0.932133  log  (f/V)  +  -0.023074  [log  (W/V)l*  + 

-  0.317807  [log  <W/V)1^  +  0.149364  [log  (f/V)l^  +  0.374S9S  [In  (W/V)l* 
0.161978  [log  (W/V)l^  +  0.021486  [log  (t/V)]^ 


Correlation  Coefficient,  r:  0.993 


One  Standard  Deviation:  Oq  *  1.247 


A 


1.247 


1  PqS  i  1.247  Sqs 


AayHptotea : 


W/V  i  0.025  Ib/ft^ 

p^g  -  3495.  (W/V)®'**” 

-  1.143 

0 

W/V  i  0.70  Ib/ft* 

p^g  -  2049.  (W/V)®*”” 

0  »  1.300 
0 
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(27) 


T«bl«s  2  and  3  glv«  Oq,  at  wall  at  tht  oorrtlatioa  ootffioitnt  (whlob  it  a 
•ttanxt  of  tht  oonfidtnoe  of  tlio  onrvt  fit). 

Htre  «•  woald  likt  to  atation  oar  aaotrtalaty  of  wkttktr  the  tloptt  of 
tkt  two  atyaptotta  tkonld  have  tkt  ttae  valnt.  The  tloptt  axt  aot  approoiably 
diffexoatt  tad  paxtioaltxly  with  the  toattex  pxevelaat  fox  laxgt  f/V«  it  it 
aot  aaxeatoaable  to  tpeoalate  that  the  alope  thoald  be  ideatical.  Howavex, 
fox  the  pxeaeat.  we  have  eleoted  to  xeport  the  liaeax  leaat-tqaaxet.  that  it, 
the  beat  fit  to  the  data. 

Za  deriviag  Equation  (10).  the  atanaption  wat  aade  that  the  flow 
thxough  the  veat  (fox  f  0)  it  taall  xelative  to  the  xate  of  eaexgy  xe- 

leate  to  that  the  aaziana  qoati-atatio  pxetauxe  ooouxa  befoxe  tignifioaat 
venting  hat  txantpixed.  Keenan  and  Tanoxeto  [22]  obtained  ao  aettnrable 
qaaai-atatio  pxeaaure  for  valnea  of  (n^ff  2.  0.772.  Of  the  data  plot¬ 

ted  in  Pignrea  3  and  4.  the  aaxlaua  reduced  vent  area  ratio  vat  0.324d.  Xhnt, 
Fignrea  3  or  4.  tad  Tablet  2  or  3,  are  valid  for 


0  i  i  0.3246 


For  a  vented  enoloaure  (a,ff  f  0).  Equation  (16)  auggeatt  that  the  du¬ 
ration,  f,  be  plotted  vextua  tbe  xeduoed  pxeaaure,  ]p,  given  by  Equation  (9). 
Seventy  of  the  data  pointa  froa  Figure  3  or  4  repreaent  vented  encloaurea,  and 
theae  are  plotted  in  Figure  5.  It  can  be  aeon  that  tbe  duration  has  ooaaidex- 
able  aoatter  because  of  the  difficulty  in  determining  when  the  overpressure 
hat  returned  to  ambient.  Note,  however,  that  the  uncertainty  in  duration  hat 
negligible  impact  on  the  impulse  since  the  total  area  under  the  pressure  time 
curve  ia  not  aenaitive  to  the  exact  location  of  t^ax*  ^  linear  least-aquarea 
curve  fit  hat  been  performed  on  the  data  and  is  shown  in  Figure  3,  and  the  re¬ 
sults  are  aumaarized  in  Table  4. 

From  the  linear  curve  fit,  it  it  atraightf orward  to  compute  t^gx 
Equation  (IS)  as  a  function  of  p: 


(30) 
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Tabla  4.  SoMiary  of  T  Varsas  P 


t  a 

yi/3 


a  ..  A 

•it 

yin 


p  - 


Linear  Curve  Fit: 
t  -  0.4284  (p)®*3<38 


Correlation  Coefficient,  ri 


One  Standard  Deviation:  Oq 


A 

X 


0.799 


1.50 
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Hi*  eoBstaat  e  la  Eqaatloa  (17)  oaa  aow  bt  avalaatad: 


».  ■  <'«S  * 

(31) 

(32) 

aax  \  / 

Tba  tpafliflc  iapalte  is  tb«a  obtalatd  froa  Sqaatloa  (18) «  whioh  aftar  ataia  ra- 
arraagaaaat  of  tana,  radaoat  to: 


whara  $  la  (Ivan  by  E^natlon  (9)  and  t^^^  la  (Ivan  by  Equation  (30). 

Aa  «a  hava  alraady  atatad,  and  Jnat  ahovn  with  Eqnatioa  (33),  tha  apa- 
olflo  lapalaa  can  ba  obtalnad  diraotly  froa  tha  paak  quaal-atatio  praaanre  and 
tba  daratloa.  Bovavar,  baoanaa  of  tha  Intaraat  la  apaolflo  lapulaa  for  ooa- 
pntin(  tha  loadlnp  of  atmataraa,  it  la  oftan  oonvanlant  to  hava  a  (raphloal 
rapraaaatatioa  of  apaolflo  lapnlaa.  Equation  (20)  Indloataa  that  an  appropri- 
ata  paraaatar  for  tha  abaoiaaa  ia  tha  radnood  praaanre.  Snffioiant  infona- 
tlcn  vaa  reported  to  ooaqpnta  apaoifio  iapnlaaa  for  73  of  tha  taata.  Fipnra  6 
dlaplaya  thaaa  radooad  iapnlaaa,  Ig,  varana  tha  radnood  pratanra.  A  linear 
laaat-aqnaraa  onrva  fit  vaa  alao  parfonad  on  thaaa  data,  and  ie  diaplayad  in 
Fl(nro  6,  Table  S  anamarlaea  tha  onrva  fittlnp  Infonation. 

Qnadratio  laaat-aqnaraa  onrva  fita  vara  alao  parfonad  on  tha  data  in 
Flpnraa  5  and  6.  Bovavar,  tha  atandard  daviationa  differed  by  laas  than  savan 
poroant  batvaan  tha  linear  and  qnadratio  onrva  fita  for  dnration,  and  differed 
by  only  tvo  paroant  for  the  radnoad  lapnlaa.  A  tvo-aaapla  ooaparlaon  of  vari- 
anoa  vaa  parfonad  nalnp  tha  F  ratio  teat  at  a  99  paroant  oonfldenoa  level. 

For  the  linear  and  quadratic  onrva  fita  to  ba  different  atatlatically,  tha  ra¬ 
tio  of  thair  raapaotiva  o' a  anat  axoaad  approxlaataly  1.7.  Slnoa  tha  ratio  of 
their  o'a  la  anoh  laaa  than  1.7,  there  la  no  alpnif leant  differanca  in  tha 
linear  varana  qnadratio  curve  fita  —  hanoe,  only  the  axpraaaiona  for  tha  lin¬ 
ear  onrva  fita  have  bean  reported. 


SUMMARY 


A  aixaabla  quantity  of  data  hava  bean  oonpilad  and  analyzed  to  obtain 
paak  qnaal-atatio  praaanre,  and  tha  dnration  and  iapnlaa  for  axploaiona  vithin 
atraotnraa.  Slallitnda  analyala  Indicated  an  appropriate  choice  of  paraaietara 
for  (raphleally  dlaplayinp  tha  data.  Paak  qnaal-atatio  praaanre  vaa  found  to 


408 


Fifore  6.  KeAseed  Specific  Iiq^ulsc  Vcrtsc  Icdcccd  Prcccvrc 


Lla«ar  Carv*  Pit: 

-  0.0P5S  (p)^***^ 


'««!  0 

Corr«l«tion  Co«ffiel»at.  r:  0.977 


b«  ■  fmotlOB  of  chorgo  wtiglit  to  ohoabor  voluao.  Alto«  •  aoadiatatloaol  dar- 
atloa  tad  t  aoadlatatioatl  apoolfio  iapalto  foaad  to  bo  faaotioaa  oaly  of 
tbo  rodaood,  i.o.»  aoadlaoaaioatl,  prottato.  Ibo  data  raago  ovor  aovaral  or- 
dora  of  aagaitado  aad  bavo  tbaa  booa  ptaaoatod  oa  log-log  plota.  Loaat- 
aqaaroa  earvo  fita  bavo  booa  porforaod  aad  caportod,  with  tboir  ataadard  dovl- 
atioatt  to  provido  appropriato  aaalytle  faaotioaa  to  rolato  tbo  pbyaioal  pa- 
raaotora.  Ibaa.  for  bigh-ordor  dotoaatioaa  witbia  oaoloaaroa,  tbo  poak  qaaai- 
atatio  proataro,  aad  if  tbo  oaoloaaro  ia  voatod*  tbo  daratioa  aad  apooifio  iai- 
palao,  oaa  bo  aaoortaiaod  froa  tbo  grapba  oa  tbo  roapoetiwo  aaalytio  ozproa- 
aioaa. 
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Tbo  aatbora  gratofally  aokaowlodgo  tbo  ataagOBoat  of  tbo  Bagiaooriag 
Soioaooa  Diviaioa  of  Soatbwoat  Roaoarob  loatitato  who  providod  tiao  and  aap- 
port  for  tbia  roaoarob  oadoavor,  Additioaally*  wo  woald  givo  apooial  tbaaka 
to  A.  Joaaaoa  of  tbo  Norwogiaa  Dofoaoo  Coaatraotioa  Sorvioo  who  graoioaaly 
aappliod  a  troaoadoaa  aaouat  of  tbo  ozporiaoatal  data  which  bavo  booa  aaalyaod 
aad  roportod. 
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The  purpose  of  this  paper  is  to  present  the  development 
of  a  new  steel  containment  vessel  to  contain  the  explosion 
effects  of  two  Viper  rounds.  The  containment  vessel  was  utilized 
in  a  production  facility  for  the  load/assemble  and  packout  of 
Viper  rocket  systems.  At  one  stage  of  the  production  process, 
continuity  checks  must,  b'e  made  on  the  live  rounds.  During  this 
operation,  there  is  a  remote  potential  of  accidental  initiation, 
thus,  a  need  arose  to* protect  personnel  from  the  explosion  effects 
of  the  Viper  rounds. 

/r 

A  vented  containment  vessel  was  developed  to  permit  the 
explosion  products  to  be  vented  out'  through  the  roof  of  the  pro¬ 
duction  facility.  The  containment  vessel  was  designed  to  contain 
metal  fragments,  blast  and  shape  charge  effects.  At  the  same 
time,  the  Viper  rounds  could  be  easily  moved  into  and  out  of  the 
containment  vessel  without  hazard.  .During  this  development,  addi¬ 
tional  fragmentation  and  blast  output  tests  were  conducted  to 
determine  precise  output  of  the  Viper  rounds.  This  data  yielded 
lower  blast  output  than  did  previously  recorded  information. 

Thus,  in  the  original  design  of  the  containment  vessel,  higher 
blast  output  and  fragment  effects  were  considered.  The  contain¬ 
ment  vessel  of  6  ft.  diameter  by  30  ft.  high  can  withstand  125 
percent  TNT  equivalence  of  the  two  Viper  rounds  without  deforma¬ 
tion  or  adverse  effects  on  personnel. 
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INTRODUCTION 


In  1980,  General  Dynamics  Incorporated  rebuilt  an  aban¬ 
doned  loading  facility  at  Camden,  Arkansas  for  the  purpose  of 
load/assemble  and  packout  (LAP)  of  Viper  weapon  systems.  In 
the  Viper  Production  Building,  a  critical  electrical  continuity 
check  is  required  on  the  Viper  round  assembly.  As  a  safeguard 
to  personnel  and  facilities,  a  containment  vessel  was  necessary 
to  contain  an  accidental  initiation  at  this  point. 

This  vessel  must  contain  blast  output,  fragments  and 
shape  charge  effects  to  prevent  hazard  to  personnel  in  the  areas. 

RISI  Industries  located  in  Chula  Vista,  California  was 
contracted  by  General  Dynamics  to  supply  various  shields,  tables 
and  tooling  for  the  LAP  operations.  RISI  Industries  had  con¬ 
tracted  Safety  Consulting  Engineers,  Inc.  to  develop  a  safe 
structural  design  against  blast,  fragments  and  shape  charge  for 
the  containment  vessel.  The  SCE  analyses  supplied  RISI  indus¬ 
tries  with  the  parameters  sufficient  to  provide  detailed  design 
of  the  containment  vessel,  in  addition.  Safety  Consulting  Engi¬ 
neers,  Inc.  was  contracted  to  conduct  qualification  tests  on  the 
production  containment  vessel  to  be  supplied  to  General  Dynamics. 

VIPER  ROUND  CHARACTERISTICS 

A.  Configuration 

The  Viper  round  consists  of  a  rocket  motor  attached 
to  a  warhead  assembly  as  shown  in  Figure  1.  This  entire  round 
is  placed  into  a  launch  tube  and  sealed  accordingly  for  shipment 
to  the  field.  The  launch  tube  assembly  contains  the  electrical 
power  pack  to  charge  a  capacitor  to  fire  the  warhead  and  also  to 
initiate  the  rocket  motor.  Normally,  the  sequence  of  events  of 
firing  the  round  is  that  of  charging  the  warhead  initiator  power 
capacitor  and  then  initiating  the  rocket  motor.  The  rocket  motor 
fires  for  approximately  one  second.  The  shape  charge  warhead  is 
armed  at  a  specific  distance  from  the  initiating  point  and  is 
initiated  upon  impact  with  the  hard  target. 

B.  Blast  Output 

For  the  initial  design  input  of  the  containment 
vessel,  blast  output  data  obtained  at  ARRADCOM  on  LX-14  billets 
(see  Reference  1)  was  utilized.  The  peak  side-on  pressure  and 
impulse  for  LX-14  as  compared  to  TNT  is  shown  in  Figure  2.  Since 
the  TNT  equivalency  values  of  LX-14  appeared  to  be  extremely  high, 
additional  TNT  equivalency  and  blast  pressure  measurement  testing 
was  conducted  of  the  Viper  rounds.  As  a  calibration,  one  pound 
of  Pentolite  charges  were  detonated.  The  results  of  the  SCE 
blast  tests  are  also  shown  in  Figure  2.  The  peak  reflected  pre¬ 
ssure/impulse  of  airburst  TNT  charges  and  LX-14  equivalent  charges 
are  shown  in  Figure  3. 


-  -  --  ■ 
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This  data  is  utilized  for  the  design  and  structural  considerations 
of  the  containment  vessel  from  a  blast  standpoint.  The  TNT  scaled 
distance-blast  pressure  and  impulse  data  was  obtained  from  Ref¬ 
erence  2 . 


Previous  TNT  equivalency  tests  conducted  on  LX-14 
per  Reference  1  utilized  cylindrical  LX-14  Viper  billets.  To 
correlate  this  data  to  cylindrical  TNT  charges,  correlation 
factors  as  given  in  Reference  3  are  needed.  The  ratio  of  the 
cylindrical  cylinder  to  sphere  pressures  as  a  function  of  scale 
distance  is  shown  in  Figure  4.  Thus,  for  a  scale  distance  of  5, 
the  peak  pressure  of  the  cylinder  is  between  1.6  and  1.85  times 
that  of  the  pressure  of  a  sphere.  Thus,  when  TNT  equivalencies 
are  being  calculated,  significant  error  can  be  realized  in  re¬ 
porting  blast  output  of  cylindrical  charges. 

C.  Fireball  Size 


Fireball  radius  of  an  explosive  charge  can  be  deter¬ 
mined  from  eqtiations  in  Reference  2  as  a  function  of  charge 
weight.  The  diameter  of  the  fireball  and  the  fireball  duration 
can  be  calculated  by  utilizing  the  following  equations  taken 
from  Reference  4: 


=  9.56  W 


0.325 


0.196  W 


0.349 


where 


=  fireball  diameter,  ft. 
tj  =  fireball  time  of  duration,  seconds 
W  -  charge  weight  in  pounds 


Calculations  were  made  from  0.5  to  4  pounds  charge 
weight  to  determine  the  fireball  radius  and  duration  of  time. 

The  results  of  these  calculations  are  shown  in  Figure  5.  Actual 
LX-14  test  data  as  recorded  from  Reference  1  indicates  that  the 
fireball  radius  is  4.5  ft.  This  radius  is  less  than  the  radius 
of  an  equivalent  TNT  charge  at  one  pound. 


D,  Fragments  and  Missiles 

The  case  fragments,  weight  and  velocity  and  distri¬ 
butions  for  the  Viper  round  as  obtained  from  Tecom  testing  per 
procedure  TOP/MTP4-2-313  as  reported  in  Report  No.  FRNOP-82754 
is  shown  in  Figure  6.  Here,  we  see  that  the  average  aluminum 
case  fragments  are  propelled  at  approximately  6,000  ft.  per  sec¬ 
ond  and  weigh  between  5  to  10  grains.  This  data  was  utilized 
for  the  design  of  the  fragment  shield  portion  of  the  containment 
vessel. 
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E.  Rocket  Firing 

The  rocket,  if  accidentally  initiated,  has  a  total 
burn  time  of  less  than  one  second  imparting  a  peak  velocity  to 
the  round  of  about  900  ft.  per  second.  Thus,  the  round  must  be 
adequately  contained  in  the  containment  vessel  so  that  if  an 
accidenta]  'ocket  firing  should  occur,  the  round  will  not  move. 

DESIGN  PHILOSOPHY 


The  containment  vessel  was  to  be  designed  to  occupy  mi¬ 
nimum  space  in  the  production  facility  and  yet  aid  the  production 
flow  in  the  electrical  checkout  of  the  round.  A  vented  contain¬ 
ment  vessel  would  provide  the  smallest  occupied  volume  in  a  pro¬ 
duction  facility,  and  thus  was  selecteu  for  this  application.  A 
cylindrical-shaped  containment  vessel  was  chosen  to  provide  easy 
access  and  maximum  strength  for  configuration  and  volume.  An 
inner  fragment  shield  was  incorporated  to  assure  integrity  of 
the  blast  shield  structure.  Fragment  impacts  generate  stress 
concentrations  in  the  primary  blast  containment  vessel  which 
could  lead  to  failure  over  a  time  period.  The  containment  vessel 
was  designed  so  that  two  viper  rocket  assemblies  could  be  moved 
into  the  chamber  at  one  time  and  be  electrically  checked  in  a 
remote  condition.  Thus,  two  round  feed  doors  are  needed  which 
would  operate  simultaneously  to  open  both  the  fragment-shield 
portion  and  the  outer  containment  vessel.  The  shield  opening 
elevation  should  be  convenient  for  the  operators  so  they  can 
move  rounds  in  and  out  of  the  shield  without  difficulty.  A 
summary  of  the  design  criteria  is  shown  in  Table  1. 

CONTAINMENT  VESSEL  DESIGN 

A.  Fragmentation  Shield 

Calculations  were  made  to  determine  the  fragment 
velocities  necessary  for  penetrating  various  mild  steel  plates 
using  techniques  from  Reference  2.  Aluminum  fragment  weights 
versus  fragment  velocities  required  to  penetrate  three  steel 
plate  thicknesses  are  shown  in  Figure  7.  Here,  we  see  that  an 
aluminum  fragment  going  at  10,000  ft.  per  second  would  penetrate 
a  steel  plate  of  a  half-inch  thickness  if  its  weight  was  greater 
than  40  grains.  A  creditable  fragment  velocity  and  weight  as 
seen  from  Figure  6  is  approximately  9,000  ft.  per  second  and  30 
grains  respectively.  Thus,  we  see  from  Figure  4,  that  a  half¬ 
inch  steel  plate  would  be  adequate  to  prevent  penetration  of 
aluminum  fragments  from  the  warhead.  Based  on  the  round  height 
in  the  containment  vessel  of  approximately  three  feet,  the  max¬ 
imum  height  of  the  fragment  shield  should  be  seven  feet  to  pre¬ 
vent  angle-spray  impact  onto  the  exterior  containment  vessel 
walls. 
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B.  Containment  Vessel  Configuration 

The  containment  vessel  will  be  vented  through  the 
roof  of  the  existing  production  building.  The  vent  should  be 
designed  so  that  the  maximum  blast  side-on  pressure  emanating 
from  the  end  of  the  vent  is  less  than  2.3  psi.  The  stack  vent 
peak  side-on  pressure  was  calculated  using  techniques  in 
Reference  2.  The  incident  pressure  outside  of  the  stack  was 
calculated  using  the  following  approximate  equation: 


P 

s 


where 


290 


0.401 

v2/3 
^  — 

R 

1.496 


R  =  A  -distance  from  the  stack  exit  to  the  point 
of  interest  in  feet 


W  =  Charge  weight  in  pounds 


Thus,  for  a  3.76  pound  TNT  equivalent  charge  ini¬ 
tiated  in  the  center  of  the  containment  vessel,  the  peak  side-on 
pressure  at  the  stack  outlet  as  a  function  of  height  from  the 
floor  is  illustrated  in  Figure  8. 


C.  Vessel  Blast  Constraint  Configuration 

Blast  analysis  in  accordance  with  Reference  2  was 
conducted  on  the  cylindrical  containment  vessel  design  to  esta¬ 
blish  the  optimum  wall  thickness  of  the  outer  blast  containment 
vessel,  the  height  of  this  vessel,  and  its  structural  integrity 
elements.  Response  equations  were  utilized  to  evaluate  the 
effect  of  the  shock  pulse  and  gas  pulse  on  the  cylindrical 
structure.  Optimization  studies  were  conducted  to  determine  the 
maximum  height:  of  a  six-foot  diameter  cylinder  to  reduce  the 
blast  loads  and  gas  pressure  loads  on  the  structure.  Studies 
were  conducted  on  vent  diameters  of  40  inches.  A  summary  of  the 
structural  calculations  for  the  inner  fragment  shields,  the  outer- 
blast  shield,  transition  and  the  stack  are  found  in  Table  1. 
Maximum  deflections  of  each  of  the  components  were  also  calculated 
and  listed  in  the  same  table. 


A  12-foot  high  by  six-foot  diameter  blast  containment 
vessel  of  0.75  inches  thick  was  obtained  to  assure  structural 
integrity  of  the  containment  vessel  under  a  3.76  pound  TNT  equi¬ 
valent  explosion  charge  (maximxim  output  of  two  viper  rounds.)  A 
final  structural  configuration  is  illustrated  in  Figure  9.  Inner 
fragment  shield  thickness  was  calculated  to  be  one  inch  to  insure 
its  blast  load  structural  integrity.  The  outer  shield  can  safely 
withstand  the  blast  loads  with  a  wall  thickness  of  0.75  inches. 

The  stack  wall  thickness  of  0.5  inches  is  adequate  to  maintain 
stack  structural  integrity. 
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SPECIAL  DESIGN  CONS I DERATIONS 


A.  Access  Door  Analyaia 

The  maintenance  access  door  was  necessary  to  clean 
out  the  interior  of  the  containment  vessel  from  time  to  time. 

It  is  desired  that  the  maintenance  do9r  bo  as  far  away  from  the 
rounds  in  the  design  configuration  to  minimize  the  load  on  the 
door.  The  door  design  selected  was  an  Interior  door  placed  on 
the  interior  of  the  blast  containment  vessel  area  so  that  loads 
imparted  into  it  would  be  distributed  onto  the  outer  shield  lip 
area.  By  utilizing  techniques  in  Reference  2,  the  door  thick¬ 
ness  and  position  from  the  Viper  rounds  was  optimized  to  maintain 
maximum  door  integrity.  The  overhang  of  the  door  was  selected 
based  on  the  blast  stresses  imparted  from  the  door  into  the 
containment  vessel.  Peak  reflected  pressures  and  durations  were 
calculated  for  the  expected  locations  of  the  door.  Explosion 
blow-down  times  were  calculated  and  the  access  door  natural 
period  was  determined.  With  this  information,  the  structural 
resistance  of  the  door  could  be  calculated.  In  addition,  the 
reaction  loads  on  the  door  were  also  calculated.  The  door  with 
the  wall  thickness  of  0.75  inches  meets  structural  integrity 
satisfactorily  as  a  result  of  the  explosion  environment.  The 
door  was  positioned  approximately  5.5  feet  away  from  the  center 
of  the  potential  burst  to  minimize  the  structural  loading  on  the 
door.  The  final  configuration  of  the  access  door  is  shown  in 
Figure  10.  Here,  we  see  that  there  are  six  tabs  that  secure  the 
door  snugly  up  to  the  shield  opening  with  a  two-inch  lip  area 
around  the  opening. 

B.  Round  Feed  Doors 


The  rocket  assembly  feed  door  had  to  be  at  least  36 
inches  high  and  as  wide  as  structurally  permissible.  Door  loca¬ 
tions  were  directly  in  line  with  the  round  in  a  horizontal  direc¬ 
tion.  Structural  analysis  was  conducted  to  determine  the  minimum 
thickness  of  door  required  and  the  maximum  width  of  door  permitted 
to  maintain  structural  integrity.  Also,  the  degree  of  overlap  on 
the  door  was  also  determined.  Both  the  fragment  shield  door  and 
the  containment  vessel  doors  would  operate  simultaneously  in 
opening  and  closing  and  would  be  placed  on  the  interior  of  the 
respective  walls.  Natural  frequencies  were  calculated  for  each 
door  based  on  various  door  thicknesses  and  door  widths.  Calcula¬ 
tions  then  were  made  of  the  pressures  and  response  times  of  the 
blast  wave  and  gas  pressure  pulse.  The  structural  response  and 
structural  resistance  to  blast  of  a  3.75  pounds  of  TNT  equivalent 
explosive  were  analyzed.  The  reaction  forces  on  the  door  were 
also  calculated  by  using  methods  in  Reference  2.  Dynamic  stress 
loading  on  the  door  was  calculated  looking  at  the  height  and 
width  effect  of  the  door.  These  results  are  calculated  as  shown 
in  Figure  11.  According  to  this  data,  the  maximum  width  permis¬ 
sible  when  stress  reaches  a  minimum  condition  was  approximately 
9  inches. 
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By  uning  energy  methods,  the  calculated  structural 
resistances  and  ductility  ratios  were  calculated.  From  these 
calculations,  the  door  width  of  9  inches  was  most  desirable 
because  stresses  were  minimised  at  this  width.  As  width  in¬ 
creased  from  this  level,  the  stresses  reached  failure  levels. 

By  utilizing  two-inch  wide  flanges  around  the  open¬ 
ing  in  the  fragment  shield  and  the  containment  vessel  exterior 
wall,  the  loads  imparted  to  the  wall  by  the  door  will  be  within 
safe  limits.  For  a  nine-inch  wide  door  by  36  inches  high,  the 
reaction  load  imparts  a  stress  on  the  long  side  of  19,471  psi 
and  on  the  short  side  of  3,519  psi,  both  well  within  structural 
limits.  Final  configuration  of  the  round  feed  door  is  shown  in 
Figure  12.  The  two- inch  wide  flange  welded  to  the  exterior  wall 
of  the  containment  vessel  is  noted. 

.V 

C .  Door  Cutout  Stress  Concentrations'. 

Stress  concentration  analysis  was  performed  on  the 
two  (2)  round  feed  doors  and  the  maintenance  access  door.  The 
objective  of  the  stress  analysis  is  that  of  determining  the  mini¬ 
mum  radius  at  the  corners  of  the  door  cutouts  to  assure  that  the 
integrity  of  the  structure  will  be  maintained.  Stress  concentra¬ 
tion  factors  for  elastic  stress  and  equations  were  used  from 
Reference  5,  "Formulas  for  Stress  and  Strain”  by  Roark  and  Young. 
These  calculations  yielded  a  minimum  radius  at  the  corners,  of  one 
inch  for  both  the  round  feed  doors  and  the  access  doors .  In  addi¬ 
tion,  a  flange  approximately  two  inches  wide  should  be  placed 
around  the  door  cutout  at  the  round  feed  station.  The  radius 
of  curvature  is  shown  in  both  Figures  9  and  11,  as  incorporated 
in  the  final  design. 

D.  Shape  Charge  Effects 

To  mitigate  the  shape  charge  effect  in  case  of  an 
accidental  initiation  of  the  Viper  round,  five  one-inch  thick 
armored  plates  at  various  angles  and  spacings  were  utilized  below 
the  charge.  Thus,  if  a  shape  charge  should  initiate,  the  effect 
would  be  mitigated  before  the  steel  bottom  plate  would  be  hit. 

CONTAINMENT  VESSEL  QUALIFICATION  TEST  RESULTS 

Based  on  SCE  TNT  equivalency  tests  of  full-up  Viper 
rounds,  the  maximum  explosive  weight  of  TNT  in  the  containment 
vessel  is  considerably  less  than  previously  designed.  Actually, 
for  a  125  percent  overtest  in  the  containment  vessel,  a  total 
weight  of  Pentolite  explosive  charge  of  2.8  pounds  is  required. 
This  would  simulate  125  percent  blast  output  of  two  Viper  rounds 
going  off  at  the  same  time.  The  containment  vessel  detail  design 
by  RISI  Industries  was  fabricated  by  FEECO  Corporation  of  Green 
Bay,  Wisconsin  and  shipped  to  Safety  Consulting  Engineers’,  Inc. 
test  site  in  Freeport,  Illinois.  The  containment  vessel  as  shown 


in  Figure  12,  was  erected  for  testing.  Appropriate  hlgh-upeed 
irovle  oamorae  and  blast  pressure  gauges  were  utilized  to  ntoni*’ 
tor  the  guallflclation  tests.  The  first  qualification  test  was 
conducted  by  detonating  one  Viper  round  inside  of  the  contain¬ 
ment  vessel.  The  second  test  was  run  by  detonating  2.8  pounds 
of  Pentolite  charge  in  the  containment  vessel  canter  to  simu¬ 
late  125  percent  blast  output  of  two  viper  rounds.  In  both 
qualification  tests,  no  fragments  or  blast  overpressures  were 
sensed  in  the  vicinity  up  to  thirty  feet  from  the  containment 
vessel.  A  small  puff  of  escaping  gas  was  noted  at  the  initial 
detonation  but  stopped  Instantaneously  according  to  high-speed 
camera  coverage.  Thus,  the  containment  vessel  met  the  re¬ 
quirements  of  the  production  facility  and  safety  requirements 
by  being  able  to  withstand  the  fragmentation,  blast,  fireball 
output,  and  shape  charge  output  of  two  Viper  rounds.  Actually, 
the  shield  easily  withstood  125  percent  blast  overpressure  in 
accordance  with  the  military  requirements. 


422 


REFERENCES 


"TNT  Equivalency  of  LX-14  High  Explosives"  ARRADCOM 
Contractor  Report  No.  AR-TSD**CR. 

"Suppressive  Shields"  U.S.  Army  Corporation  of 
Engineers  Publication  HNDM-lllO-l-l,  18  November  1977. 

Hasards  of  Chemical  Rockets  &  Propellants  Handbook  - 
Vol.  1,  General  Safety  Engineering  Design  Criteria, 

May  1972,  AO  889763. 

Rakacsky,  J.A.,  "The  Suppression  of  Thermal  Hazards 
From  Explosions  of  Munitions  -  A  Literature  Survey" 

BRL  Interim  Memorandum  Report  No.  377,  Aberdeen  Proving 
Ground,  Maryland,  May  1975. 

Roark,  R.J.  &  Young,  W.G.,  Formulas  For  Stress  &  Strain 
Fifth  Edition,  McGraw-Hill. 


TABLE  1 

CONTAINMENT  VESSEL  DESIGN  CRITERIA 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 


PARAMETER 

Minimum  Floor  Spaoo 

Separate  Fragment  Shield 
Configuration 

Fragment  Shield  Height 
Fragment  Shield  Thlckneaa 

Vent  Configuration  & 
Diameter 

Vent  Height 

Outer  Blast  Containment 
Vessel  Configuration 

Outer  Blast  Containment 
Vessel  Configuration 
Thickness 

Method  to  Hold  Rounds 

Round  Entry 

Electrical  &  Mechanical 
Entry 

Heat  Effect 
Bottom 


SUGGESTED  LIMITS 
6  ft.  Diameter 
Vertical  cylinder 


To  stop  fragment 
spray  at  ends 

To  stop  fragment 
penetration  and 
withstand  blast  effect 

Cylinder  &  diameter 
based  on  minimizing 
gas  pulse  load  onto 
structure 

To  reduce  blast  over¬ 
pressure  below  2-3 
psi  at  top  of  vent 

Vertical  cylinder 


Based  on  blast  &  gas 
pressure  loads  onto 
structure 

Dolly  with  propagation 
shield  on  it  to  move 
in  &  out  of  vessel 

2  doors  that  open 
simultaneously 

Fitting  &  maintenance 
door 

Angled  plates 

Seale*) 
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Figure  4.  Peak  Overpressures  From  Cylindrical  Charges  Compared 
to  Peak  Overpressure  From  a  Spherical  Charge  of  the 
Same  Equivalent  Weight 
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See  Reference  2 
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Figure  12.  Round  Feed  Door 
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Figure  13.  Electric  Feedthrough  of  Vessel 
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Behaviour  of  Gun  Propellant  to 
Ignitions  of  Different  Intensities 


Roland  Wild 

Bundesinstitut  fUr  chenfiisch-technische  Untersuchungen  (BICT), 
GroBes  Cent,  5357  Swisttal-Helmerzheim,  FRG 


1.  Introduction 

In  the  case  of  large  calibre  ammunition, for  example  105  mm  and  120  mm, a 
uniform  and  accurate  ignition  of  the  propelling  charge  is  of  great  im¬ 
portance. 

A  poor  ignition  may  not  only  lead  to  a  spread  of  the  ballistic  data  (e.g. 
initial  velocity  of  the  projectile);  the  gas  pressure  inside  the  barrel 
may  become  so  high,  that  the  strenght  of  the  barrel -material  may  be  ex¬ 
ceeded  and  hence  the  gun  can  be  totally  destroyed,  even  fatal  casualities 
may  happen. 

It  is  known  by  experience,  that  different  gun  propellants  react  in 
different  manner  to  poor  ignition.  Therefore  it  is  desirable  to  have  a 
small  scale  test  at  one's  disposal  (which  can  be  performed  in  the  labo¬ 
ratory)  by  means  of  which  it  can  be  checked  which  gun  propellant  responds 
in  a  dangerous  manner  to  a  poor  ignition. 

Such  a  test  should  be  not  too  expensive  and  nevertheless  should  yield 
reliable  data. 

In  the  following  a  test  method  is  described  which  meets  the  above  mentioned 
requirements. 
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2.  Description  of  the  test  method 

A  sketch  of  the  experimental  set  up  Is  shown  In  figure  1.  The  propellant, 
with  a  mass  of  about  500  g  Is  filled,  with  Its  bulk  density.  Into  a 

seamless  steel  tube,  which  Is  open  at  one  side.  The  tube  has  a  length  of 

350  mm,  a  wall  thickness  of  approx.  S  mm  and  an  Inner  diameter  of  50,8  mm 
(2  Inches).  An  Igniter  (fig.  2),  also  made  of  steel  Is  fixed  at  the  closed  end  of 
the  tube.  The  tube  then,  with  Its  open  end  Is  put  onto  a  steel  block.  A 

quartz  gage  for  measuring  the  pressure  (up  to  0.76Pa)  is  built  Into  this 

steel  block.  When  performing  the  test,  a  steel  block  with  a  mass  of  18  kg 
Is  put  onto  the  whole  assembly. 

For  igniting  the  propellant  we  use  quite  normal  black  powder.  The  amount 

of  black  powder,  which  Is  filled  into  the  Igniter  can  be  varied. 

Up  to  22  g  black  powder  can  be  packed  Into  the  igniter. 

The  test  output  is  the  pressure  in  the  steel  tube  (measured  by  the  quartz) 
produced  by  the  different  igniter  strengths. 

The  tubes  rupture  at  pressures  of  approximately  0.08  6Pa,  therefore  the 
burning  of  the  propellant  can  be  monitored,  under  normal  circumstances,  up 
to  a  pressure  of  0.08  GPa. 

3.  Results 

In  figure  3  typical  pressure  time  histories,  which  were  recorded  when  per¬ 
forming  the  tests,  are  shown. 

It  can  be  seen,  that  in  the  case  of  a  weak  ignition  (5  g  black  powder)  a 
regular  burning  of  the  propellant  occurs,  when  using  stronger  ignition 
conditions,  the  burning  characterics  significantly  change,  in  other  words 
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the  pressure  rise  time  drastically  decreases,  and  In  some  cases  even  pressu¬ 
res  up  to  0.7  GPa  are  produced.  Though  the  steel  tubes  normally  rupture  at 
pressures  of  0.08  GPa,  the  pressure  rise  time  In  this  case.  Is  so  fast,  that 
due  to  the  Inertia  of  the  confinement,  such  high  pressures  can  be  attained. 

4.  Applicability  of  the  method  and  discussion 

In  order  to  check  the  applicability  of  the  test  method  we  performed  the 
test  with  several  seven  perforated  gun  propellants  (see  table  1). 

Propellant  1,  2  and  3  were  triple  base  propellants  which  chemical  compo¬ 
sitions  were  nearly  the  same,  only  the  web  sizes  were  sligthly  different. 

The  main  difference  between  these  propellants  was  the  way  how  they  were 
produced.  Propellant  4  was  a  double  base  propellant  and  propellant  5  a 
single  base  propellant.  All  the  propellants  exhibited  nearly  the  same 
interior  ballistic  data,  which  were  determined  in  a  closed  vessel  (see 
also  table  1). 

For  ignition  we  used  black  powder  charges  of  5  g,  10  g,  15  g  and  20  g. 

The  relevant  data  for  judging  the  response  of  the  propellants  to  different 
ignition  strengths  are  tabulated  in  table  2.  As  relevant  data  we  took  the 
maximum  pressure,  the  pressure  rise  time  and  the  maximum  rate  of  the 
pressure  rise  (^). 

When  comparing  the  data  it  can  be  seen,  that  propellant  1  reacts  most 
sensitively  to  the  variation  of  the  ignition  strength,  i.e.  the  rate  of 
the  pressure  rise  becomes  greater  when  using  a  moderate  ignition  strength, 
whereas  when  looking  at  propellant  3  one  can  constate  that  very  high  pressure 
rise  rates  only  occur,  when  using  a  very  high  ignition  strength. 
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We  think,  that  the  very  fast  pressure  rises,  and  hence  the  very  high 
pressures,  in  the  case  of  intense  ignition,  can  be  explained  by  as¬ 
suming  a  fracture  of  the  propellant  grains. For  theoretical  calculations, 
using  a  gas  dynamic  model,  yield  similar  pressure  rises,  when  assuming 
that  a  part  of  the  propelling  charge  (10  %-15  %)  is  fractured  near  the 
projectile  base. 

The  fracturing  of  propellant  grains,  can  be  explained  by  a  pressure 
gradient,  produced  by  the  ignition,  which  accelerates  the  charge  down- 
words.  At  the  steel  block  the  motion  is  stopped  and  the  grains  can  be 
fractured.  The  more  intense  the  ignition,  the  greater  will  be  the  pressure 
gradient  and  the  acceleration  of  grains  and  therefore  the  possibility  of 
fracturing  will  rise. 

The  results,  now,  do  not  mean,  in  any  way,  that  for  example  propellant  1 
should  not  be  used  for  constructing  ammunition,  but  nevertheless  the 
results  show  that,  when  using  propellant  1  the  ignition  condition  should 
be  thoroughly  investigated,  in  order  to  avoid  a  dangerous  behaviour  of  the 
ammunition. 

Furthermore  it  should  be  remarked,  that  at  the  present  state  of  our  in¬ 
vestigations  there  exist  no  absolute,  unambiguous  criteria  for  judging  the 
behaviour  of  the  propellants,  nevertheless  the  method  can  be  used  to  compare 
different  propellants,  concering  the  behaviour  to  changes  in  the  ignition 
conditions. 

5.  Summary 

A  small  scale  laboratory  test  is  described  by  means  of  which  it  becomes 
possible  to  judge  the  behaviour  of  gun  propellant  to  different  ignition 
strength  in  the  ammunition.  The  applicability  of  the  test  method  could  be 
shown. 
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Table  1 


Interior  ballistic  data  determined  in  a  closed  vessel.  Loding  Densitiy  0.1  ^/cm^ 
(Pmav  in  all  cases  approx.  0.1  MPa) 


1 

triple  base 

2 

triple  base 

3 

triple  base 

4 

double  base 

5 

single  base 

Lq  [(Pa  s)-^ 

0.11  10’^ 

0.14  10’^ 

0.11  10'^ 

0.11  10”^ 

0.19  10'^ 

"p  [’’*^1'"] 

0.52  10^ 

0.62  10^ 

0.55  10^ 

0.58  10^ 

0.61  10^ 

P=0.08  GPa 

0.08  10^ 

0.11  10^ 

0.09  10^ 

0.1  10^ 

0.11  10^ 

dynamic  vivacity  = 


„  0.5  Pi,, 

Pmax 


pressure  rise  rate  between  0.1  p„,„  and  0.9  p 

max 
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figure  1.  Experimental  Set  up 


ADP00044S 


MINISTRY  OF  DEFENCE 

ROYAL  ARMAMENT  RESEARCH  AND  DEVELOPMENT  ESTABLISHMENT 


The  Response  of  RDX/TNT  Filled 
A  S  Dyer,  C  D  Hutchinson,  P 


Shell  to  Thermal' Stimuli 

.I  ^ 

J  Hubbard  and  J  Connor > 


Paper  for  presentation  at  the 

DOD  20th  Explosives  Safety  Seminar,  Norfolk,  Virginia.  August  1982 


Summary 

Trials  have  been  conducted  In  which  155mn  shell  filled  with  RDX/TNT 
(60/40)  have  been  subjected  to  internal  Ignition  and  to  external  flame. 

The  effects  on  adjacent  shell  of  Internal  ignition  have  also  been  assessed. 
Generally  results  are  consistent  with  assessments  of  explosiveness  based 
on  RARDE  Burning  Tube  Tests  but  In  one  trial  base  Ignition  appeared  to 
Induce  detonation  In  adjacent  shell.  The  significance  of  these  results 
Is  discussed. 
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INTRODUCTION 


The  haeard  which  an  explosive  or  an  explosive  filled  store  presents  is 
determined  by  two  factors: 

a)  the  ease  with  which  the  store  may  be  accidentally  Initiated 
which  we  designate  as  the  sensitiveness 

and 

b)  the  consequences  of  that  Initiation,  the  explosiveness. 

Each  of  these  factors  Is,  or  may  be,  a  function  of  the  physical  form  of 
the  explosive  (eg  whether  It  be  in  powder  or  charge  form)  of  the  type  and 
level  of  the  stimulus  and  of  the  environment  -  particularly  the  con^ne- 
ment.  A  complete  hazard  assessment  of  an  explosive  store  should  involve 
testing  the  store  over  a  range  of  stimuli  and  levels  of  stimuli  in 
environments  which  may  be  encountered  in  practice.  The  explosive  should 
be  tested  as  used,  that  is  in  charge  form,  but  also  in  the  form  in  which 
it  Is  processed  and  in  the  form  It  might  degenerate  to  after,  for  example, 
prolonged  storage  or  vibration,  that  is  In  powder  form. 

A  full  evaluation  of  this  type  is  expensive,  time-consuming  and  rarely. 

If  ever,  attempted.  Instead  small  scale  tests  are  used  to  predict  what 
might  happen  In  practice.  One  such  test  has  been  employed  by  RARDE  for 
the  past  several  years  to  estimate  the  explosiveness  of  secondary 
explosives  In  charge  form  and  under  confinement.  Known  as  the  Burning 
Tube  Test,  the  procedure  Involves  Ignition  of  the  explosive  charge 
contained  In  a  mild  steel  tube  sealed  by  end  caps. 

The  Small  Burning  Tube  Test  normally  carried  out  employs  a  charge  of 
3S0g  of  explosive  In  a  tube  with  wall  thickness  of  6mm.  Explosiveness 
Is  assessed  by  the  degree  of  damage  to  the  tube  and  by  the  extent  to 
which  the  explosive  Is  consumed. 

The  ranking  order  of  explosiveness  Is  unchanged  when  determined  In  the 
Large  Burning  Tube  which  employs  a  similar  Ignition  system  In  an 
approximately  9kg  charge  In  12.7mm  thick  wall  tubes.  This  size  of  charge 
and  wall  thickness  Is  quite  similar  to  the  FH70  155mm  shell. 

Attempts  have  been  made  to  Increase  the  discrimination  of  the  burning 
tube  test  by  varying  the  confinement  on  RDX/TNT  60/40  and  on  TNT  by  using 
tubes  with  tapered  or  stepped  walls  but  these  have  not  been  successful. 

On  the  other  hand.  Increased  confinement  In  weapons  subject  to  rifle 
bullet  attack  has  been  shown  to  lead  to  enhanced  explosiveness.  Burning 
Tube  Tests  with  heavier  confinement  are  planned  but  In  the  Interim  the 
chance  has  arisen  to  carry  out  trials  on  155mm  ni70  shell  filled  with 
either  RDX/TNT  60/40  or  CM3.  CW3  Is  a  RDX/HMX/TNT  56/4/40  composition 
with  other  minor  additives  to  Improve  Its  mechanical  properties.  These 
trials  had  their  original  Impetus  In  reports  from  the  USA  on  trials  to 
assess  the  minimum  non-propagatlon  distance  between  detonating  155mm 
M107  shell  filled  Comp  B.  During  these  trials  It  was  found  that  wooden 
pallets  on  which  shell  were  standing  caught  fire  when  struck  by  hot 
fragments  from  shell  detonating  at  16  and  25m.  The  burning  pallets  were 


■•Id  to  hav*  caused  detonation  In  shell  standing  on  them  after  Intervals 
of  17  and  30  minutes.  Both  the  US  and  subsequent  UK  tests  were  on  unfused 
shell. 

While  external  fire  trials  do  form  a  major  part  of  the  study,  It  was 
decided  to  extend  the  trials  to  Investigate  the  effects  of  varying 
confinement  at  Internal  Ignition  sites  on  explosiveness  and  also  to 
investigate  possible  differences  between  ROX/TNT  and  CW3  filled  shell. 

These  studies  are  not  yet  complete  but  some  interesting  observations  have 
been  made  and  at  least  provisional  conclusions  can  be  drawn  from  them. 

The  aim  In  this  report  Is  to  describe  the  work  which  has  been  done  and 
to  discuss  Its  Interpretation. 

2  INTERMAL  IGNITION  STIMULUS  TRIALS  AT  AMBIENT  TEMPERATURES 

Previous  work  has  shown  that  the  most  violent  deflagratlve  events  that 
could  be  produced  In  shell  at  ambient  temperatures  resulted  from  Ignitions 
St  the  base  of  the  shell.  The  fusehead/propellant  Ignition  system  used 
In  burning  tube  tests  was  adapted  to  produce  an  Ignition  at  the  base  of 
ISSmm  shell.  Empty  shell  were  bored  at  the  base  and  fitted  with  a  threaded 
plug.  Removal  of  this  plug  after  filling  the  shell  with  either  RDX/TNT 
(60/40)  Type  A  or  CW3  left  a  cavity  25nim  In  diameter  by  20mm  deep.  The 
fuzehead  and  a  1.5g  balllstite  charge  were  placed  In  this  cavity  and 
retained  by  a  plug  of  equal  thickness  to  the  shell  base  (35mm).  Modified 
shell  filled  with  CW3  Incorporated  vinyl  alkyd  paint  bonding  of  explosive 
to  the  shell  wall. 

The  following  trials  were  conducted: 

a)  Base  Ignition  of  RDX/TNT  filled  shell  with  1  or  2  adjacent 
CW3  filled  shell  as  acceptors  to  assess  the  possibility  of  propa¬ 
gation. 

b)  Base  Ignition  of  a  CW3  filled  shell  with  2  adjacent  CW3 
filled  shell  as  acceptors  as  In  Test  1. 

c)  Base  ignition  of  a  single  CW3  filled  shell. 

d)  Top  Ignition  of  CW3  filled  shell. 

e)  Base  detonation  of  CW3  filled  shell. 

2.1  Results 


Results  of  Internal  Ignition  trials  are  detailed  In  Table  1.  Important 
features  are  summarised  here. 

Base  Ignited  ROX/TNT  filled  shell  behaved  In  a  similar  manner  to  that 
expected  from  Large  Burning  Tube  Tests.  The  filling  deflagrated  violently, 
shattering  the  shell  body  Into  many  pieces,  but  recovered  fragments  showed 
no  signs  of  detonation  and  many  small  pieces  of  unconsumed  explosive  were 
found  scattered  around  the  test  site.  CW3  filled  shell  at  83  and  lOSmm 
from  the  donor  were  broken  open  but  the  major  proportion  of  the  shell 
bodies  and  the  explosive  were  Intact. 
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A  test  Involving  base  Ignited  0W3  filled  shell  as  donor  gave  rather 
different  results.  On  Ignition  of  the  donor  shell  a  very  violent  reaction 
ensued  Involving  the  donor  and  acceptor  shells  at  both  95  and  13Smn 
separation.  Large  fragments  from  the  base  of  the  donor  were  driven  Into 
the  ground  but  there  was  no  sign  of  other  large  fragments  or  of  unconsumed 
explosive.  Deep  holes  had  been  blown  In  the  site  by  the  violence  of  the 
reaction.  Peripheral  damage  to  stands  and  blast  gauge  equipment  showed 
they  had  been  struck  by  extremely  fast  moving  fragments.  The  blast  gauges 
Indicated  that  overpressures  had  been  generated  somewhat  greater  than 
would  have  been  expected  from  the  detonation  of  a  single  shell. 

Base  Ignitions  of  a  single  CW3  filled  shell  without  scceptors  also  gave  a 
vary  violent  event  but  foil  gauges  were  only  dented,  not  punctured,  and 
Indicated  an  overpressure  of  less  than  3SkPa  at  5m.  In  one  test  a  170mm 
long  fragment  from  the  nose  section  of  the  shell  was  recovered. 

Using  a  transit  plug  modified  to  take  the  fuaehead/propellant  system  so 
as  to  give  nose  ignition,  a  single  CW3  filled  shell  was  tested.  The 
shell  was  Inverted  with  100mm  of  the  nose  burled  in  the  ground  to  Increase 
the  confinement.  A  mild  reaction  occurred  which  split  open  the  Capered 
section  leaving  the  lower  section  Intact  and  filled.  The, majority  of  the 
CW3  from  Che  Cop  section  was  also  recovered. 

This  Cent  was  repeated  with  a  nose  Ignited  CW3  filled  shell  upright 
between  2  CW3  filled  acceptor  shell  both  at  95mro  separation.  There  was  a 
little  more  damage  Co  Che  donor  but  a  large  part  of  Che  filling  was 
recovered  unconsumed  and  Che  2  acceptor  shell  were  recovered  Intact. 

A  modified  shell  fitted  with  a  base  plug  and  filled  0/3  was  detonated 
from  the  base  using  a  tetryl  booster  and  an  L2A1  detonator.  Foil  blast 
gauges  recorded  detonation  overpressures  with  a  spread  of  up  to  50%  around 
Che  predicted  value  at  a  range  of  radial  distances.  Base  fragments 
recovered  from  Che  region  of  Che  plug  were  smaller  than  those  obtained 
from  base  Ignited  shell  but  not  so  small  as  Chose  from  a  nose  detonated 
shell. 

3  RESPONSE  OF  155mm  SHELL  TO  EXTERNAL  FLAMES 

This  part  of  the  trials  derived  from  Che  US  report  of  detonations  of  Comp 

B  filled  shell  In  pallet  fires,  but  the  opportunity  was  also  taken  Co 
examine  Che  effect  of  torching  from  an  ignited  shell  on  adjacent  shell. 

All  of  these  trials  Involved  CW3  filled  shell. 

3 . 1  Results  from  Pallet  Fires 

In  an  attempt  to  repeat  the  US  observation  a  test  was  arranged  with  a 

155mm  CW3  filled  shell  standing  upright  in  an  angle-iron  stand  on  a  wooden 

pallet.  The  standard  pallet  Aft  x  Aft  was  Ignited  remotely  by  a  fuzehead 
with  a  200g  thermite  mixture  (SR877).  An  explosive  event  occurred  after 
17i  minutes.  Large  pieces  of  CW3  were  found  up  Co  150m  from  Che  test 
site,  some  of  which  showed  evidence  of  having  melted.  Large  fragments  of 
the  shell  were  recovered.  There  was  no  suggestion  of  detonation  from 
this  single  shell. 


A52 


'•<* 


The  ceet  wee  repeated  with  similar  arrangements  except  that  the  shell  was 
laid  horliontally  on  the  pallet.  In  this  test  an  explosive  event  occurred 
after  Amins  17secs.  Large  pieces  of  CW3  wore  recovered  again  showing 
signs  of  having  melted.  Large  sections  of  the  shell  body  were  also 
recovered. 

^ 2  Results  from  Torching  Shell 

Results  are  summarised  in  Table  2.  Donor  shell  filled  CM3  were  ignited 

with  a  thermite  igniter  In  the  nose  and  the  flames  played  on  the  centre, 
the  driving  band,  the  base  and  along  the  length  of  acceptor  shell.  Events 
occurred  at  times  varying  from  about  AO  seconds  to  several  minutes  after 
Ignition  with  acceptor  shell  being  split  open  and  a  large  portion  of 
their  filling  being  recovered  unconsumed. 

A  DISCUSSION 

A.l  Internal  Ignition  Trials  at  Ambient  Temperature 

The  response  of  the  base  ignited  ROX/TNT  60/A0  Type  A  filled  shell  was 
much  as  anticipated  from  Large  and  Small  Scale  Burning  Tube  Tests.  The 
filling  was  not  completely  consumed  but  showed  fairly  high  explosiveness. 
Adjacent  CW3  filled  shell  at  85  and  105mm  were  split  open  by  fragment 
strikes  and  the  filling  was  scorched  without  the  event  growing  after  the 
case  was  split. 

The  CW3  filled  shell  gave  more  violent  events  In  single  shell  tests  In 
that  less  explosive  was  recovered.  However  one  large  shell  fragment  and 
some  unconsumed  HE  were  recovered  while  no  foil  blast  gauges  were  punc¬ 
tured.  This  Indicated  that  the  events  were  not  detonations.  A  compari¬ 
son  of  the  high  speed  framing  camera  records  from  base  detonated  and  base 
Ignited  shell  shows  a  slower  expansion  of  the  fireball  for  the  base 
Ignited  shell.  It  was  surprising  however,  that  such  base  Ignited  CW3 
filled  shell  as  donors  could  cause  events  In  adjacent  shell  which  gave 
every  Indication  of  being  detonations.  Whereas  large  fragments  were 
recovered  from  the  base  of  the  donor  shell  no  fragments  were  recovered 
from  the  acceptor  shell.  The  foil  blast  gauge  records  Indicate  detonation 
of  more  than  one  shell  when  acceptors  were  present  but  gave  no  response 
to  a  single  donor. 

Although  It  Is  easy  to  mistake  violent  deflagrations  for  detonations.  It 
Is  our  Impression  that  In  these  trials  detonation  in  (M3  filled  acceptor 
shell  was  Induced  by  knock-on  effect  following  deflagration  in  CW3  filled, 
base  ignited  donor  shell. 

A  large  difference  was  evident  between  the  response  and  effect  of  (M3 
filled  donors  as  compared  with  ROX/TNT  filled  donors  and  there  arc  several 
possible  causes  for  this  difference; 

a)  The  A%  HMX  or  the  increased  mechanical  strength  due  to 

the  minor  additives  In  CW3  may  have  Increased  Its  explosiveness 
relative  to  RDX/TNT  even  though  RDX/TNT  and  CW3  behaved  similarly 
In  Large  and  Small  Burning  Tube  Tests. 
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b)  Th«  filling  In  CHS  filled  ehnll  It  known  to  ttdlMnt  tueh 
that  tha  nltranlna  uontant  at  tha  baaa  could  ba  up  to  7X  graatar, 
la  57X  nltraad.na< 

It  la  known  that  70/30  cyelotol  and  7S/25  RDX/TNT  eoapotltiona 
ahow  graatar  axploalvanaaa  than  60/40  RDX/TNT  or  BDCl  In  charge 
haaard  taata  (Spigot  and  Oblique  Xnpaet).  CHS  waa  alnllar  to 
RDX/TNT  In  tha  oblique  lapaet  teat. 

c)  Tha  CHS  filled  ahall  ware  treated  with  a  vinyl  alkyd/TNT 
bonding  paint  while  tha  RDX/TNT  filled  ahall  vara  not.  Thla 
bonding  agent  nay  hava  Incraaaad  tha  conflnaaant  narglnally  at 
tho  Ignition  alta  In  tha  baaa  of  tha  ahall. 

d)  Tha  axploalvanaaa  of  tha  CHS  nay  hava  bean  enhanced  In 
tha  ahall  aa  eonparad  with  that  In  a  Burning  Tuba  bacauaa  of  tha 
atrong  walla  at  tha  baaa  of  tha  ahall.  The  tanalla  atrangth  of 
STA  64  ahall  body  natarlal  la  twice  that  of  tha  nlld  ataal  uaad 
In  RARDE  Large  Scale  Burning  Tubaa. 

The  taata  on  CHS  filled  ahall  with  noaa  Ignition  ahowad  lower  exploalveneaa 
which  la  probably  due  to  the  thinner  walla  reducing  the  conflnanent  but  nay 
alao  ba  helped  by  there  being  no  vinyl  alkyd  bonding  or  aedlBontatlon  at 
the  top  of  the  ahell. 

Ihrther  teats  have  been  carried  out  In  burning  tubes  with  25«i  thick  walls 
filled  with  RDX/TNT  or  CHS  both  with  and  without  vinyl  alkyd  bonding. 
Sedimentation  in  tha  CHS  filled  tubes  was  anhanced  by  alow  cooling.  No 
significant  dlfferencaa  In  behaviour  were  observed.  It  appears  that  even 
these  thick  wall  mild  steel  tubes  provide  less  confinement  than  the  shell. 

Farther  evidence  of  the  Importance  of  confinement  In  determining  the 
results  of  Ignition  of  CHS  filled  ahell  comes  from  an  event  which  occurred 
recently  when  a  shell  was  being  sectioned  longitudinally  from  the  base. 

The  filling  Ignited  when  It  came  Into  contact  with  the  saw  but  the  venting 
path  provided  by  the  saw-cut  prevented  the  occurrence  of  anything  more 
than  a  relatively  mild  deflagration. 

4.2  External  Flame  Trials 


The  single  shell  pallet  fire  gave  an  event  In  a  time  similar  to  the  US 
trials.  Farther  examination  of  the  US  report  suggests  there  were  S  ahell 
on  the  burning  pallet  so  In  view  of  the  knock-on  effect  postulated  above 
It  Is  conceivable  that  a  detonation  may  have  Indeed  occurred  especially 
If  adjacent  shell  were  sensitised  by  heating. 

The  torching  experiments  gave  deflagratlve  events  with  the  violence 
Increasing  as  the  thickness  of  the  heated  region  of  the  shell  body  and 
the  time  to  the  event  Increased.  Hhen  replicate  tests  were  carried  out 
the  tlMS  to  the  events  were  closely  similar. 
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OOHaUSIONS 


Th«  «ffect  of  conflnomont  on  th«  connoqutncoa  of  doflagraClon  Initiated 
In  11kg  chacgaa  of  CW3  and  ROX/TNT  (60/40)  Type  A  In  a  large  teat  vehicle 
(UK  15Snm  ahell)  has  been  studied.  Ignition  In  the  very  heavily  confined 
base  region  of  the  shell  gives  rise  to  more  violent  events  In  CW3  fillings 
than  In  RDX/TNT  fillings.  It  la  believed  that  this  la  due  to  the  increased 
confinement  provided  by  the  vinyl  elkyd  bonding  of  the  CW3  filling  to  tho 
Inside  of  the  shell  case,  a  feature  absent  from  the  RDX/TNT  filled  shell. 
This  bonding  prevents  venting  of  product  gases  along  the  path  between  the 
filling  and  the  shell  walls  In  the  very  early  stages  of  reaction.  CW3 
and  ROX/TNT  filled  ahell  behave  Identically  when  nooe  initiated;  the  area 
of  Ignition  In  these  cases  la  In  the  fuse  well  and,  by  the  time  a  process 
has  burned  to  the  outer  surface  of  the  charge,  effects  due  to  bonded  or 
unbonded  fillings  are  secondary  to  those  from  the  failure  of  the  relatively 
thin  metal  confinement.  The  vinyl  alkyd  bonding  of  CW3  to  the  ISSmm  shell 
is  provided  to  ensure  that  no  base  air  gaps  are  present  which  could  lead 
to  Ignition  by  adiabatic  compression  during  gun  launch  and  to  prevent 
rotation  of  tho  shell  filling  during  flight.  Given  the  very  low  proba¬ 
bility  of  confined  base  Ignition  except  as  a  consequence  of  set-back 
forces  during  gun  launch,  no  safety  advantage  would  accrue  from  removal 
of  the  bonding  or  from  changing  the  filling  to  RDX/TNT  (60/40). 

This  manifestation  of  high  explosiveness  In  CW3  filled  shell  Is  not 
predicted  by  our  Burning  Tube  Tests.  We  are  forced  to  conclude  from  this 
that  the  confinement  in  the  Burning  Tube  is  substantially  less  than  that 
at  the  base  of  the  ISSmm  shell.  This  conclusion  Is  Important  In  reminding 
us  of  the  variation  In  explosiveness  with  environment,  of  the  need  to 
carry  out  hazard  assessments  over  a  range  of  environments  and  of  the 
dangers  of  extrapolating  explosiveness  data  outside  the  range  of  confine¬ 
ment  In  which  it  was  determined. 

We  Intend  to  continue  these  studies  using  Burning  Tubes  of  heavier 
confinement  and  also  to  carry  out  further  trials  with  both  Internal  and 
external  Ignition  on  CW3  filled  shell  to  confirm  that  the  events  witnessed 
were  indeed  detonations  and  to  determine  the  fragment  velocities  and 
overpressures  which  can  lead  to  detonations  in  acceptor  shell. 
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TABLE  1  Internal  Ignition  Trials 


Donor 


base  IGNiTION 
Acceptor _ 


Oba~ervatlons 


ROX/TNT 


RDX/TNT 


CM3 


CW3 

CM3 


1  X  CMS  at  85nm 


1  X  CMS  at  lOSimn 
1  X  CMS  at  SSOnm 


Donor  deflagrated  violently. 
Acceptor  broken  open,  filling 
mostly  Intact. 

Donor  and  acceptor  at  lOSmm  -  as 
above. 

Acceptor  at  SSOnon  displaced  but 
Intact. 


2  X  Ot)3  at  95inm 


2  X  0^3  at  135imn 
None 


Very  violent  reaction  Involving 
donor  and  accceptors.  No  large 
fragments  or  unconsumed  explo¬ 
sives.  Overpressure  greater 
than  from  a  single  detonated 
shell. 

As  previous  trial. 

Violent  reaction.  Overpressure 
less  than  5psl  at  15  feet. 


Oil3  None 

Shell  Inverted 
and  100mm  of 
nose  burled 


TOP  IGNITION 


Mild  reaction  splitting  open 
tapered  section  of  shell.  Most  of 
CM3  recovered. 


CMS  2  X  CMS  at  95mm  Donor  slightly  more  damaged  than 

Shell  upright  In  previous  trial  but  large  part 

of  CW3  unconsumed.  Acceptor  shell 
Intact. 
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TABLE  2  Torching  Trials,  CW3  Filled  Shell 


Layout 


Tine  to  Observation 

Event 


Donor  100mm  from  and  at 
right  angles  to  acceptor. 
Flames  centred  on  a  point 
280mm  from  nose  of  accep¬ 
tor. 

48s 

As  previous  trial. 

38s 

Donor  lOOmm  from  and  at 
right  angles  to  acceptor. 
Flames  playing  on  driving 
hand. 

3308 

Donor  between  two  acceptor 
shell.  Nose  of  donor  set 
back  3S0mm  behind  noses  of 
acceptors.  Shell  parallel 
and  In  contact.  One 
acceptor  fitted  with  tran¬ 
sit  plug.  Other  unplugged. 

495s 

Donor  In  line  100mm  behind 
acceptor. 

630s 

As  previous  trial. 


5958 


Donor  and  acceptor  split 
open.  Large  fragments  of  CU3 
recovered. 


As  previous  trial  except  event 
extinguished  donor. 

More  violent  than  previous 
trials.  Donor  shell  continued 
to  burn  for  70  minutes. 
Acceptor  split  into  large 
fragments,  unconsumed  CW3 
recovered. 

CU3  In  unplugged  shell  melted 
before  event.  Event  In 
plugged  shell  opened  up  nose 
end.  Donor  and  unplugged 
shell  continued  to  burn. 
Unconsumed  CW3  recovered  from 
plugged  shell. 

Acceptor  split  lengthways, 
filling  ejected  forwards. 

Base  of  acceptor  blown  lOOm 
backwards.  Some  unconsumed 
CW3  recovered.  Donor  knocked 
backwards  but  continued  to 
burn. 

As  previous  trial. 
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SPAKJtOW  (A1M/R1H-7M)  WITH  EX-1 14  MOD  1  WARHEAD 
QUANTITY-DISTANCE  STUDY  FOR  HANDLING  OPERATIONS 

SUMMARY 


A  quantity-distance  study  was  perforned  for  the  SPARROW  guided  nlsslle 
A1M/R1M-7M  with  the  EX-114  MOD  1  warhead  In  plerslde  and  shipboard  transport/ 
handling  configurations. 

The  results  of  this  study  indicate  Chat  warhead-to-warhead  propagation  of 
detonation  Is  expected  In  all  the  transport/handling  configurations  considered. 
As  long  as  the  SPARROW  missiles  are  within  4.3  m  (14  ft)  of  each  other  as 
detenslned  from  geometric  considerations  the  warheads  must  be  assumed  to  mass 
detonate. 

The  rocket  motor  propellant  should  not  detonate,  but  could  violently  react 
If  Impacted  by  a  high  speed  preformed  fragment  from  an  adjacent  donor  warhead. 
Under  some  accident  scenarios,  a  violently  reacting  rocket  motor  may  cause  the 
forward  warhead  explosive  to  sympathetically  detonate  from  rocket  motor  debris 
Impact. 

The  maximum  credible  events  and  associated  alrblast  hazard  ranges  for  the 
transport/handling  configurations  considered  are  listed  below. 


Maximum  Credible  Events  and  Alrblast  Hazard  Ranges 


Conf iKuratlon 

Contribution 

Alrblast  Hazard 
Range,  m  (ft) 

Missile 

1  Warhead 

55 

(180) 

MK  470  MOD  0 

Shipping  Container 

1  Warhead 

55 

(>80) 

MX  470  MOD  0 

Stack  of  Three 

3  Warheads 

79 

(260) 

CNU- 166/E 

Shipping  Container 

3  Warheads 

79 

(260) 

CNU- 166/E 

Stack  of  Three 

9  Warheads 

114 

(375) 

MK  29  MOD  0 

Launcher 

6  Warheads 

105 

(345) 

Only  dstonatlcns 

contribute  to  the  alrblast  hazard 

range  determinations 

The  fragment  hazard  ranges  are  governed  solely  by  the  preformed  steel  fragments 
from  the  warheads  that  detonate.  The  ranges  for  aluminum  and  polyvinyl  chloride 
(PVC)  fragments  from  shipping  contslner  and  launcher  surrounds  are  substantially 
lets  than  those  for  the  denser  steel  fragments,  so  that  the  aluminum  and  PVC 
fragments  do  not  affect  the  fragment  hazard  range  determinations. 

The  preformed  fragments  do  not  present  an  unacceptable  hazard  beyond  152  m 
(500  ft)  for  an  eleven  warhead  mass  detonation.  However,  for  twelve  or  more 
warheads  the  hazard  range  extends  well  beyond  the  152  m  range  out  to  the  vicinity 
of  the  maximum  fragment  range  because  a  large  percentage  (20Z)  of  the  fragments 
Impact  in  this  region. 

The  acceptable  hazard  handling  arc  that  can  be  applied  to  all  transport/ 
handling  configurations  ronsldered  Is  114  m  (375  ft)  as  determined  by  the 
alrblast  hazard  for  nine  warheads.  ^ 

A  total  of  twelve  or  more  missiles  within  4.3  m  (14  ft)  of  each  other  are 
required  to  exceed  the  maximum  acceptable  hazard  range  of  152  m  (500  ft). 

Appendix  A  presents  results  of  trajectory  calculations  performed  for  a 
generic  preformed  fragment  warhead.  These  results  Illustrate  the  qualitative 
trends  obtained  for  the  classified  SPARROW  results. 
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INTRODUCTION 


\i 

This  task  was  part  of  the  EX-11 A  warhead  development  program  for  the 
AIM/RIM- 7M  SPARROW  to  gain  the  Navy's  Weapon  Systems  Explosives  Safety  Review 
Board  (WSESRB)  approval  for  service  use  of  this  version  of  the  guided  missile 
aboard  Naval  vessels. 

The  work  request  was  in  response  to  requirements  that  all  programs  for 
the  development  and  introduction  of  new  weaponry  into  the  Fleet  include  analyses 
developed  by  the  Naval  Explosives  Safety  Improvement  Program  (NESIP)  and/or 
verifying  tests  (as  recommended  by  NESIP)  to  insure  the  timely  availability  of 
hazard  information  for  review  by  the  WSESRB.  In  particular,  the  Naval  Surface 
Weapons  Center  was  tasked  (funded)  by  the  SPARROW  program  to  assess  the  sym¬ 
pathetic  detonation  characteristics  and  explosion  hazard  effects  of  the  SPARROW 
weapon.  ^ 

Methods  developed  for  the  NESIP  Technology  Base^  were  used  to  obtain  the 
analytical  results  presented  in  this  report. 

The  hazard  definition  of  interest  here  is  the  acceptable  hazard  handling 
arc.  The  acceptable  arc  for  an  explosion  event  is  determined  by  the  minimum 
range  at  which  both  blast  overpressure  and  fragment  hazard  criteria  are  satis¬ 
fied.  These  criteria  are; 

(1)  The  blast  overpressure  must  be  less  than  6.9  kPa  (1  psi) . 

(2)  The  hazardous  fragment  flux  evaluated  for  the  ground  surface  area 
must  be  less  than  1  hazardous  fragment  per  56  m^  (600  ft^).  A  fragment  is 
considered  hazardous  when  it  has  an  impact  energy  of  80  Joules  (58  ft-lb)  or 
greater.  Note  that  the  fragment  hazard  criterion  specifies  an  acceptable  areal 
density  for  hazardous  fragments,  not  a  maximum  range  for  hazardous  fragments. 
There  can  be  hazardous  fragments  beyond  the  acceptable  hazard  handling  arc; 
however,  their  areal  density  should  be  less  than  the  level  specified  above. 


OBJECTIVES 


1.  Determine  the  likelihood  of  sympathetic  detonation  and  hence  the 
maximum  credible  event  (MCE)  for  the  SPARROW  weapon  system  for  the  pier  and 
ship  configurations. 

2.  Determine  the  acceptable  hazard  range  (blast  and  fragment  effects) 
for  the  MCE's. 

3.  If  necessary,  recommend  possible  handling  procedure  changes  and/or 
inhibitor/shield  designs  (feasible  solutions)  for  reducing  the  MCE's  so  that 
the  acceptable  hazard  handling  arc  falls  below  the  desired  value  of  152  m 
(500  ft). 


^Porzel,  Francis  B.,  "Technology  Base  of  the  Navy  Explosives  Safety  Improvement 
Program,"  Minutes  of  the  Nineteenth  Explosives  Safety  Seminar,  Department  of 
Defense  Explosives  Safety  Board,  Los  Angeles,  CA,  Sep  1980. 


APPROACH 


Figure  1  provides  a  general  procedural  flow  chart  for  the  weapon  system 
Investigation.  The  major  program  elements  are  described  below. 

i  Review  and  evaluate  the  weapon  Input  data. 

II.  Determine  the  blast/fragment  contributions  of  the  propellant  sections 
to  the  explosive  effects  generated  by  the  donor  warhead  detonation. 

III.  Determine  the  acceptable  hazard  range  (blast /fragment  effects)  for  a 
donor  warhead  detonation  (which  may  or  may  not  Include  a  contribution  from  the 
propellant)  for  the  numbers  of  configurations  (assuming  mass  detonation  of 
ordnance.)  This  represents  the  >rorst  possible  accident  scenario. 

IV.  Review  the  handling  procedures  for  the  weapon  for  all  required  trans¬ 
port/handling  configurations. 

V.  Determine  the  relative  positioning  of  the  weapon  units  for  all 
required  transport/handling  configurations.  Evaluate  the  potential  for  sympa¬ 
thetic  detonation  and  determine  the  MCE's  for  these  configurations. 

VI.  Determine  the  acceptable  hazard  range  (blast /fragment  effects)  for 
the  MCE's  for  the  various  transport/handling  configurations. 

VII.  Contingent  -  Conduct  sympathetic  detonation  tests  according  to  the 
answer  (and  associated  confidence)  obtained  from  elements  V  and  VI  above.  Tests 
may  be  needed  to  verify/clarify  the  analytical  results  obtained.  Whether  or  not 
the  propellant  sections  would  be  needed  for  these  tests  would  be  determined  by 
the  evaluation  represented  by  element  II  above. 

VIII.  Contingent  -  Investigate  and  recomirend  handling  procedure  changes 
and/or  liihibitor/shleld  designs  (feasible  soluti< ns  not  final  engineered  designs) 
to  reduce  the  MCE  and  associated  blast/fragment  effects.  This  investigation  is 
necessary  only  If  the  acceptable  hazard  range  Is  greater  than  152  m  (500  ft). 

IX.  Contingent  -  Conduct  inhibitor/shield  tests.  These  tests  may  be 
required  to  verify  the  design  concept  from  element  VIII. 

X.  Perform  a  final  analysis  and  provide, a  letter  report  documenting 
results,  conclusions,  and  recommendations. 

For  the  SPARROW  quantity-distance  study  (referring  to  Figure  1); 

(a)  The  propellant  was  evaluated  to  not  sympathetically  detonate. 
Therefore,  propellant  effects  were  not  required  for  element  III. 

(b)  There  was  sufficient  confidence  in  the  aitalytlcal  evaluations 
of  sympathetic  detonation  for  the.  normal  handling  configurations  that  testing 
was  not  conducted  (element  VII)  at  this  time. 

(c)  The  hazard  ranges  do  not  exceed  152  m  (500  ft)  for  the  missilt: 
configurations  analyzed.  Therefore,  contingent  shield/ inhibitor  designs 
and  tests  were  not  required  (elements  VII  and  IX) . 
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FIGURE  1. 


FLOW  CHART  FOR  A  GENERAL  WEAPON  SYSTEM  QUANTITY-DISTANCE  STUDY 


MISSILE  SYSTEM  DESCRIPTION 


The  specific  SPARROW  weapon  evaluated  In  this  study  la  the  AIM/RIM-7M 
(alr-to-alr/aurface-to-alr)  with  the  EX-llA  MOD  1  focused  fragmentation 
controlled  pattern  (FFCP)  warhead.*  The  missile  Is  shown  schematically  In 
Figure  2. 

The  AIM-7M  SPARROW  will  be  transported  In  a  CNU-166/E  missile  container 
(see  Figure  3)  that  stores  three  missiles. 

The  RIM-7M  SEASPARROW  will  be  transported  in  a  MK  470  MOD  0  missile 
container  that  houses  one  missile  (see  Figure  4) .  The  RIM-7M  SEASPARROW  will 
be  all-up  loaded  in  the  MK  29  Mod  0  box  launcher  for  the  Improved  Point  Defense 
System  aboard  ship.  The  launcher,  shown  in  Figure  5,  contains  eight  missiles. 
Three  of  these  box  launchers  are  to  be  mounted  on  aircraft  carriers  (CV  and  CVN) 
providing  a  total  topside  load  of  24  all-up  missiles.  Between  24  and  48  missiles 
will  be  stored  below  deck  in  magazines.  Other  launch  platforms  under  con¬ 
sideration  include  destroyers  (DD)  and  support  ships  (AOE  and  AOR.) 

Configurations  of  candidate  Vertical  Launch  Systems  (VLS)  for  the  RIM-7M 
SEASPARROW  are  not  addressed  here.  An  analysis  of  all  of  the  various  candidate 
launcher  designs  Is  beyond  the  scope  of  this  study. 

Aircraft  armament  arrangements  for  the  SPARROW  were  not  addressed  because 
these  configurations  would  not  be  encountered  In  a  tidewater  port  environment 
(the  handling  area  of  concern  for  this  study.) 

Specific  unclassified  missile  data  required  for  the  quantity-distance  study 
are  listed  in  Table  1.  The  sound  speed  values  for  the  explosive/propellants 
given  In  Table  1  represent  estimates  based  on  similar  explosives/propellants  at 
the  same  density. 


The  term  "preformed"  is  used  in  this  paper  to  refer  to  the  EX-114  MOD  1 
warhead  case  fragments.  The  term  is  used  in  a  general  sense  to  describe 
fragments  formed  from  scored  warhead  cases  (producing  explosively-formed 
fragments)  and  to  describe  the  truly  preformed  fragments  that  are  first 
(pre)  formed  and  then  embedded  in  the  warhead  case  material. 
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FIGURE  3.  CNU-iee/E  MISSI LE  CONTAINER 


FIGURE  5.  MK  29  MOD  0  MISSILE  LAUNCHER 


FABLE  1  AIM/RIM-7M  SPARROW  WITH  THE  EX-114  MOD  1  WARHEAD  DATA 


Warhead  Section 

Explosive  Sound  Speed 
(estimate),  m/s  (ft/s) 

Total  Warhead  Mass,  kg  (lb) 

Length,  mm  (in) 

Diameter,  mm  (in) 

Flight  Control  and  Stabilization  Section 
Mass,  kg  (lb) 

Length,  mm  (in) 

Propulsion  Section 

Booster/Sustalner  Propellants 
'  Sound  Speed  (estimate),  m/s  (ft/s) 

Total  Propulsion  Section  Mass, 
kg  (lb) 

CNII-166/E  Shipping  Container 
Cover  Material 

3  3 

Density,  kg/m  (Ib/in  ) 

Thickness,  mm  (in) 

Steel  Rail  Thickness,  mm  (in) 

Alum.  Clamp  Double  Thickness, 
mm  (in) 

MK  470  MOD  0  Shipping  Container 

Aluminum  Thickness,  mm  (in) 

MK  29  MOD  0  Launcher 
Material 

inner  wall  thickness,  mm  (in) 

outer  wall  thickness,  mm  (in) 

inside  corrugation  thickness, 
mm  (in) 

2 

Averaged  areal  density,  gm/mm 
(lb/in2) 


3000  (9800) 
38.6  (85.2) 

400.3  (15.76) 
204  (8.03) 

32.4  (71.4) 

575.3  (22.65) 


3000  (9800) 

95.7  (211) 

Acrylic-Polyvinyl 

Chloride 

1260  (0.0455) 

6.35  (0.250) 

4.75  (0.187) 

6.35  (0.250) 

2.5  (0.10) 

Aluminum  laminate 
1.0  (0.040) 

1.0  (0.040) 

0.81  (0.032) 

8.16x10"^  (0.0116). 
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SYMPATHETIC  DETONATION  EVALUATION 


The  general  missile  configurations  considered  In  the  sympathetic  detonation 
evaluation  are:  (1)  the  three~mlsslle  CNU-166/E  missile  container,  see  Fig.  3; 

(2)  the  single-missile  MK  A70  MOD  0  missile  container,  see  Fig.  4;  and  (3)  the 
eight-missile  MK  29  MOD  0  Launcher,  see  Fig.  5.  Most  of  the  pertinent  material 
dimensions  and  specifications  required  for  the  sympathetic  detonation  evaluations 
are  noted  in  the  figures.  Additional  information  is  provided  in  Table  1. 

The  maximum  propellant  web  dimension  for  the  SPARROW  rocket  motor,  MK  58, 

MOD  3/4  is  much  smaller  than  the  critical  diameter  for  sustained  detonation. ^ 

For  this  reason  the  propellant  is  assessed  to  have  a  zero  card  gap  value^  for  the 
NOL  Large  Scale  Gap  Test  (see  Ref.  3)  which  means  that  pressures  on  the  order 
of  20  GPa  (200  kbars)  or  greater  are  required  to  initiate  detonation.^  A 
representative  calculation  for  the  configurations  studied  is  presented  in  this 
chapter;  however,  the  conclusion  is  that  the  rocket  motor  propellant  should  not 
sympathetically  detonate  in  the  handling/transport  configuration  as  a  result  of 
a  donor  warhead  explosive  detonation.  Tests  were  not  deemed  necessary  to  verify 
this  condition. 

Table  2  lists  the  donor/acceptor  combinations  considered  and  the  pressure 
thresholds  necessary  to  sympathetically  detonate.  Note  the  representative 
calculation  for  the  warhead-to-rocket-motor  propagation  (entry  one  in  Table  2) . 

Additional  configurations  could  have  been  included  in  Table  2  to  account 
for  donor-warhead-to-acceptor-rocket-motor  geometrle',  that  arise  if  the  missiles 
were  housed  in  the  GNU- 166/E  shipping  containers  in  alternating  nose-to-tail 
orientations  (which  would  not  be  done  because  of  center-of-grevity  consider¬ 
ations)  or  if  the  missiles  in  the  MK  470  MOD  0  shipping  containers  were  arranged 
in  a  similar  nose-to-tail  fashion.  However,  calculations  indicate  that  the 
rocket  motor  propellants  would  not  sympathetically  detonate  in  these  configurations 
from  either  blast  induced  or  fragment  Induced  loadings.  The  suatainer  section 
of  the  rocket  motor  does  line  up  with  the  warhead  secclon  for  a  nose-to-tail 
stacking  arrangement.  In  this  arrangemetic  the  rocket  motor  propellants  would 
most  likely  react  violently  (but  not  detonate)  as  a  result  of  the  detonation  of 
an  adjacent  warhead.  With  no  experimental  data  in  hand,  it  must  be  assumed 
(for  safety  analysis  purposes)  that  a  violently  reacting  sustalner  rocket  motor 
could  sympathetically  detonate  (from  Impact  loads  from  rocket  motor  debris.)  the 
corresponding  warhead  section  (forward  of  the  missile  control  section)  and  any 
adjacent  warhead  (aligned  by  nose-to-tail  stacking). 

The  detonation  threshold  pressure  listed  in  Table  2  for  the  acceptor  warhead 
explosive  is  a  conservative  estimate  because  no  measured  values  were  available. 

An  actual  value  for  the  detonation  threshold  can  be  obtained  by  running  the  NOL 
Card  Gap  Test  on  the  material. 


^Camp,  Albert  T.,  Brentland  Corporation,  Personal  Communication,  3  July  1981. 

^Price,  Donna,  Clalrroont,  Jr.,  A.  R.,  and  Erkman,  J.  0.,  "The  NOL  Large  Scale 
Gap  Test.  III.  Compilation  of  Unclassified  Data  and  Supplementary  Information 
for  Interpretation  of  Results,"  NOLTR  74-80,  8  Mar  1974. 


470 


TABLE  2  Sympathetic  Detonation  Predictions  for  SPARROW  (AIM/RIM— 7M)  with  EX— 114  >K)D  1  Warhead 
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4^ 


S/C  refers  to  Shipping  Container. 


A  calculation  of  the  total  prompt  energy  released  from  the  W/H  explosive 
detonation  Is  necessary  for  establishing  a  pressure  distance  curve.  Reference  4 
provides  free-alr  alrblast  data  for  several  explosives  Including  the  explosive 
used  In  the  EX -114  MOD  1  warhead. 


Shock  Induced  pressures  In  the  acceptor  explosive/propellant  were  calcu¬ 
lated  In  the  following  manner.  The  donor  was  assumed  to  be  a  spherical  charge. 
UTE^  calculations  provided  normally  reflected  pressure  estimates  at  the  acceptor 
position.*  Shielding  effects  of  the  intervening  material  were  ignored,  which 
results  in  the  highest  loads  being  calculated.  Actually  Including  the  Inter¬ 
vening  materials  as  added  mass  surrounds  in  the  UTE  computations  does  not 
appreciably  change  the  reflected  pressures  calculated.  The  reflected  pressures 
computed  at  the  charge-surface-to-charge-surface  separation  distance  were  assumed 
equal  to  the  Induced  pressures  in  the  acceptors  and  are  listed  In  Table  2  under 
the  heading  of  "Shock  Induced." 


Fragment  Induced  pressures  In  the  acceptor  materials  were  computed  In  the 
following  way.  The  maxlmiun  donor  fragment  velocity  was  used  as  the  Initial 
fragment  velocity  In  the  directions  normal  to  the  charge  cylindrical  surface. 

For  the  fragment  velocity  off  the  aft  end  of  the  warhead  the  following  expression 
was  used: 


V 

a 


a  a 


where  V  ••  Initial  fragment  velocity  In  aft  direction 

£l 


E  »  energy  flux  in  aft  direction,  about  10%  warhead  energy  release 

3i 


M  ••  mass  flux  In  aft  direction,  about  10%  of  the  warhead  mass  plus  the 
mass  of  the  flight  control  section  and  the  mass  of  the  nose  cap  of 
the  rocket  motor. 


The  above  expression  is  based  on  the  assumption  that  energy  is  initially  equi- 
partltloned  between  Internal  and  kinetic  energy.  The  energy  flux  was  estimated 
by  assuming  that  the  relative  energy  directed  through  any  part  of  the  charge 
surface  Is  proportional  to  that  area. 

The  velocities  determined  above  were  then  used  In  the  following  formula  to 
estimate  the  pressure  Induced  by  the  fragment  Impact  In  the  acceptor  material. 

p  -  pcv/K^ 


Costaln,  Thomas  S.  and  Motto,  Rocco  V.,  "The  Sensitivity,  Performance  and 
Material  Properties  of  Some  High  Explosive  Formulations,"  Technical  Report 
4587,  Plcatlnny  Arsenal,  Dover,  New  Jersey,  Sep  1973. 

^Porzel,  Francis  B.,  "Introduction  to  a  Unified  Theory  on  Explosions  (UTE)," 
NOLTR  72-209,  14  Sep  1972. 

A 

Program  UTE  was  coded  for  the  HP  41C  programmable  calculator. 
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where 


p  ~  pressure  Induced  In  acceptor,  listed  in  Table  2  under  the  heading 
"Fragment  Induced" 

p  “  initial  density  of  acceptor  material 
c  ■>  sound  speed  in  acceptor  material  (see  Table  1) 

V  ■■  initial  fragment  velocity  as  determined  above 

■  factor  representing  reduction  in  fragment  velocity  for  configuration 
^  In  Table  2  due  to  conservation  of  momentum  between  donor  fragments 
and  material  shielding  acceptor  explosive/propellant 

The  results  in  Table  2  indicate  that  an  acceptor  rocket  motor  propellant 
will  not  sympathetically  detonate  from  either  the  shock  or  fragment  loads 
produced  by  a  donor  warhead  explosive  detonation.  However,  if  the  missiles 
were  stacked  in  a  manner  such  that  the  warhead  section  of  one  missile  were 
aligned  with  the  rocket  motor  section  of  an  adjacent  missile,  then  higher 
fragment  Impact  Induced  pressures  (though  less  than  the  20  GPa  detonation 
threshold)  could  be  generated  in  the  rocket  motor  propellant  than  indicated 
for  configuration  1  in  Table  2.  The  assumption  (for  safety)  Is  that  the  rocket 
motor  propellant  could  violently  react  (though  not  sympathetically  detonate) 
in  response  to  these  fragment  impact  induced  loads.  A  second  assumption  (for 
safety)  is  that  a  violently  reacting  rocket  motor  could  cause  an  adjacent  (or 
the  forward)  warhead  to  sympathetically  detonate  from  rocket  motor  debris  impact 
loads.  It  should  be  pointed  out  that  there  are  no  data  to  support  these 
(conservative)  assumptions. 

Acceptor  warhead  explosive  should  sympathetically  detonate  from  fragment 
Impact  for  all  configurations  investigated.  For  adjacent  weapons  Inside  the 
CNU-166/E  shipping  container  (separation  distance  of  48  m  (1.9  In))  the  shock 
Induced  pressure  is  also  sufficient  to  sympathetically  detonate  the  acceptor 
warhead  explosive. 

Out  to  about  140  mm  (5.5  in)  separation  distances  shock  pressures  exceed 
the  detonation  threshold  pressure  of  1.7  GPa  (17  kbars) .  The  preformed  SPARROW 
fragments  can  Induce  pressure  in  acceptor  SPARROW  explosives  above  the  detonation 
threshold  pressure  out  to  ranges  on  the  order  of  440  m  (1440  ft).  However,  at 
a  range  beyond  4.3  m  (14  ft)  the  acceptor  warhead  section  has  only  a  50  percent 
chance  of  being  struck  by  a  donor  warhead  preformed  fragment  when  It  is  aligned 
in  the  beam  spray. 


MAXIMUM  CREDIBLE  EVENT 


Single  Missile  -  Configuration  one  in  Table  2 

The  maximum  credible  event  for  the  single  missile  is  the  donor  warhead 
explosive  detonation.  The  rocket  motor  propellant  should  not  sympathetically 
detonate  for  any  missile  arrangement. 

CNU-166/E  Shipping  Container  -  Configurations  two,  three,  and  four  in  Table  2 

The  maximum  credible  event  for  the  loaded  CNU-166/E  shipping  container 
that  contains  three  missiles  is  the  detonation  of  all  three  warhead  explosives. 
The  maximum  credible  event  for  a  stack  of  CNU-166/E  shipping  containers,  three 
containers  per  stack,  is  the  detonation  of  all  nine  warhead  explosives.  Deto¬ 
nation  should  propagate  between  warheads  in  adjacent  stacks  of  CNU-166/E 
containers  if  the  warheads  are  aligned  side-by-side. 

MK  470  MOD  0  Shipping  Container  -  Configurations  five  and  six  in  Table  2 

The  maximum  credible  event  for  the  loaded  MK  470  MOD  0  shipping  container 
that  contains  one  missile  is  the  detonation  of  the  donor  warhead  explosive. 

The  maximum  credible  event  for  a  stack  of  MK  470  shipping  containers,  three 
containers  per  stack,  is  the  detonation  of  all  three  warhead  explosives.  Deto¬ 
nations  should  propagate  between  warheads  In  adjacent  stacks  of  MK  470  MOD  0 
containers  if  the  warheads  are  aligned  side  by  side. 

MK  29  MOD  0  Launcher  -  Configurations  seven  and  eight  in  Table  2 

The  maximum  credible  event  for  the  all-up  MK  29  MOD  0  launcher  that 
contains  eight  missiles  is  the  detonation  of  all  eight  warhead  explosives. 

Nose-to-Tail  Arrangement  of  Missiles  in  Shipping  Containers 

For  both  the  CNU-166/E  and  the  MK  470  MOD  0  shipping  containers,  a  nose- 
to-tail  arrangement  of  adjacent  missiles  lines  up  the  warhead  section  with  the 
sustainer  rocket  motor  of  the  adjacent  weapon.  Even  though  the  sustalner  pro¬ 
pellant  should  not  sympathetically  detonate  (as  indicated  in  Table  2) ,  the 
propellant  could  violently  react  (see  the  discussion  at  the  end  of  the  previous 
section) .  The  assumption  (for  safety)  is  that  the  violently  reacting  rocket 
motor  propellant  could  sympathetically  detonate  forward  and  adjacent  warhead 
explosives . 

Optimum  Stack  Configuration  for  Shipping  Containers 

Detonation/violent-reaction  propagation  between  warhead/rocket  motor 
missile  sections  housed  in  adjacent  stacks  of  CNU-166/E  and  MK  470  MOD  0 
shipping  containers  can  be  eliminated,  for  the  most  part,  by  arranging  the 
adjacent  stacks  such  that  the  acceptor  warhead/rocket  motors  do  not  lie 
within  the  beam  spray  of  possible  high  speed  preformed  donor  fragments  from 
neighboring  warheads. 
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AIRBLAST  HAZARD  PREDICTIONS 


Alrblast  predictions  for  sea  level  conditions  were  calculated  using  the 
UTE  model  (References  1  and  5).  The  specific  SPARROW  configurations  considered 
are  defined  in  Table  3  along  with  the  computed  results. 

Referring  to  Table  3,  the  alrblast  hazard  range  refers  to  the  distance 
from  the  explosion  source  (ground  zero)  at  which  the  blast  overpressure  has 
fallen  to  the  6.9  kPa  (1.0  psi)  level.  The  alrblast  calculations  require 
specification  of  the  explosive  mass,  TNT  equivalent  (alrblast),  and  case  mass. 

The  case  mass  Includes  all  mass  in  the  immediate  surround  such  as  shipping 
container  materials,  and/or  launcher  structure.  The  configurations  in  Table  3 
are  discussed  below. 

1.  One  Missile  -  An  all-up  missile  with  no  immediate  surrounds 
such  as  shipping  containers  or  launcher  structure. 

2.  22  Missiles  -  The  maximum  number  of  missiles  in  configuration 
one  for  which  the  alrblast  hazard  criterion  is  satisfied  at  152  m  (500  ft). 

3.  CNU-166/E  -  Three  missiles  in  the  air  launch  missile  shipping 

container. 

4.  CNU-166/E  Stack  -  A  stack  of  three  air  launch  missile  shipping 
containers  that  holds  nine  missiles  total. 

5.  7  GNU- 166/E  Containers  -  The  maximum  number  of  loaded  GNU- 166/E 
containers  (configuration  3)  for  which  the  alrblast  criterion  is  satisfied  at 
152  ni  (500  ft). 

6.  MK  470  MOD  0  -  One  missile  in  the  surface  launch  missile  shipping 

container. 

7.  MK  470  MOD  0  Stack  -  A  stack  of  three  surface  launch  missile 
shipping  containers  that  holds  three  missiles  total. 

8.  22  MK  470  MOD  0  Containers  -  The  maximum  number  of  missiles  in 
configuration  six  for  which  the  alrblast  hazard  criterion  is  satisfied  at 
152  m  (500  ft). 

9.  MK  29  MOD  0  Launcher  -  Eight  missiles  In  the  box  launcher  used 
on  surface  ships. 

None  of  the  configurations  considered  in  Table  3  represent  an  alrblast 
hazard  at  152  ra  (500  ft).  The  detonation  of  22  warhead  explosives  just  satisfies 
the  alrblast  criterion  at  152  m  (500  ft).  The  values  for  the  alrblast  hazard 
range  are  reported  in  three  significant  figures  only  for  the  purposes  of  ranking. 
The  computed  values  represent  conservative  (over)  estimates  of  the  actual  hazard 
ranges . 
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TABLE  3  Alrblast  Hazard  Predictions  for  Maximum  Credible  Explosions 


FRAGMENT  HAZARL  PREDICTIONS 


The  preformed  fragment  (EX-llA  MOD  1  warhead)  trajectory  predictions  were 
computed  using  the  computer  program  TRAJ.^*  The  fragments  formed  from  shipping 
container  walls,  launcher  panels,  or  the  rocket  motor  cases  (contributed  by 
violent  reactions)  are  not  significant  hazards  in  comparison  with  the  hazard 
associated  with  the  preformed  fragments.  For  this  reason  only  the  hazard  results 
for  the  preformed  fragments  are  presented  here. 

Preformed  fragment  Initial  conditions  and  computed  trajectory  results  for 
a  generic  preformed  fragment ’warhead  are  presented  In  Appendix  A  to  Illustrate 
the  methods  used  and  qualitative  trends  obtained  for  the  classified  SPARROW 
results. 

The  SPARROW  preformed  fragments  do  not  present  an  unacceptable  hazard 
beyond  152  m  (500  ft)  for  a  mass  detonation  of  eleven  warheads.  However,  for 
twelve  weapons  the  hazardous  fragment  criterion  Is  exceeded  In  the  vicinity 
of  the  preformed  fragment  maximum  range  —  well  beyond  152  ro  (500  ft)  —  because 
a  large  percentage  of  the  fragments  Impact  in  this  region. 

The  computed  trajectory  results,  therefore.  Indicate  that  the  maximum 
number  of  SPARROW  weapons  (with  the  EX-114  MOD  1  warhead)  handled  shipboard  or 
plerslde  at  the  tidewater  ports  should  be  restricted  to  eleven.  For  more  than 
eleven  warheads  the  fragment  hazard  criterion  Is  exceeded  beyond  152  m  (500  ft) 
for  a  mass  detonation  of  the  warheads. 

The  above  fragment  hazard  results  do  not  Include  the  following  effects  for 
the  reasons  stated: 

1 .  Higher  velocity  fragments  formed  in  the  Interaction  zone  between 
sympathetically  detonating  weapons  —  this  effect  should  only  apply  to  adjacent 
weapons  Inside  a  CNU-166/E  shipping  container.  The  warheads  should  have  too 
large  a  separation  distance  to  form  an  interaction  Jet  for  the  other  configura¬ 
tions.  However,  an  enhancement  of  the  preformed  fragment  velocity  by  a  factor 
of  1.5  (a  typical  value  for  syrapathetlc  detonations)  only  Increases  the  maximum 
trajectory  range  by  about  10%,  a  negligible  amount  considering  the  uncertainties 
In  Input  conditions. 

2.  Lower  preformed  fragment  velocities  produced  by  the  added  mass 
In  the  Immediate  surround  of  the  warhead  case;  such  as  shipping  container 
cases  and  launcher  panels  —  this  effect  reduces  the  Initial  fragment  velocity 
(from  momentum  conservation  considerations)  by  about  5%  In  general.  The 
Initial  fragment  velocity  Is  not  defined  that  precisely,  so  this  effect  is  not 
considered.  There  Is  one  exception  to  the  5%  velocity  reduction:  preformed 
fragments  that  are  adjacent  to  the  aluminum  clamps  on  the  CNU-166/E  shipping 
container  have  their  velocity  reduced  by  about  32%.  This  produces  a  9% 
reduction  in  the  maximum  trajectory  range  and  affects  only  about  4%  of  the 
fragments  for  the  CNU-166/E  shipping  container  configuration  (three  warheads). 
This  effect  on  the  fragment  hazard  range  Is  negligible.  Results  presented  In 
Appendix  A  Indicate  that  variations  of  fragment  drag  coefficients  and  drag 
area  have  a  much  more  pronounced  effect  on  fragment  Impact  range  than  does 

a  similar  variation  of  the  Initial  fragment  velocity. 


Program  TRAJ  was  coded  for  the  HP  41C  programmable  calculator.  A  FORTRAN 
version  Is  coded  for  the  CDC  6500. 


3.  ConcAnCratlon  of  preformed  fragments  In  a  narrow  beam  spray 
directed  towards  vertical  targets,  not  ground  surface  targets  (on  which  the 
fragment  hasard  criterion  Is  based)  —  for  the  narrow  beam  spray  region,  the 
hatard  range  for  vertical  targets  (greater  than  one  haeardous  fragment  per 
56  m^)  extends  out  to  323  m  (1060  ft)  for  eleven  warheads.  Because  the  fragment 
hatard  criterion  applies  only  to  prone  personnel  (horizontal  target  areas  not 
vertical)  the  vertical  target  hazard  Is  not  addressed  In  this  Investigation. 

The  effect  of  the  concentration  of  fragments  In  the  narrow  beam  spray  is  con¬ 
sidered  in  the  evaluation  of  the  areal  density  of  hazardous  fragments  Impacting 
the  ground  surface. 

It  should  be  pointed  out  that  the  computed  fragment  areal  density  variation  with 
range  near  the  maximum  fragment  Impact  range  is  a  function  of  the  range  increment 
size  selected.  This  is  because  of  the  singularity  in  the  trajectory  solution 
at  the  maximum  impact  range.  The  results  quoted  for  the  SPARROW  warhead  are 
based  on  30  m  (100  ft)  range  Increments  that  is  well  within  uncertainty  limits 
of  the  Impact  range  for  the  preformed  fragments.  Twenty  percent  of  the  SPARROW 
preformed  fragments  fall  within  this  range  increment  near  the  maximum  range. 

Also,  it  should  be  mentioned  that  the  computed  fragment  areal  density  results 
are  based  on  cylindrical  di.rergence  (with  a  beam  spray  angle)  and  not  spherical 
divergence  because  of  the  cylindrical  design  for  the  SPARROW  warhead. 
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FINAI.  COMMENTS 


The  results  and  conclusions  presented  In  the  SUMMARY  section  will  not  be 
repeated  here.  However,  a  number  of  observations  were  made  during  the  analysis 
that  should  be  summarized.  These  are  presented  In  the  following  paragraphs. 

Three  classes  of  configurations  for  the  SPARROW  were  not  addressed  here: 

1)  vertical  launch  systems,  2)  aircraft  armaments,  and  3)  ship  magazines. 
Including  these  configurations  was  beyond  the  scope  of  this  study. 

The  fragment  hazard  criterion  is  exceeded  (for  a  twelve  warhead  mass  deto¬ 
nation)  In  the  vicinity  of  the  maximum  range  for  the  preformed  fragments.  This 
distance  Is  many  times  greater  than  the  152  m  (500  ft)  range.  The  fragment 
areal  density  on  the  ground  surface  Is  greater  In  the  region  of  the  maximum 
fragment  range  bounded  by  the  geometry  of  the  beam  spray  than  In  any  other  ground 
location  surrounding  the  warhead  beyond  the  Immediate  ground  zero  location. 

Substantially  different  (Increased)  fragment  hazard  ranges  would  be  es¬ 
tablished  If  the  hazard  criterion  were  based  on  standing  (vertical)  personnel 
rather  than  prone  (horizontal)  personnel.  The  main  problem  with  applying  the 
criterion  to  prone  personnel  Is  that  the  prone  position  presupposes  a  warning 
when  In  fact  the  first  signals  to  reach  the  personnel  are  high-speed  lethal 
fragments. 

The  detonation  threshold  values  for  the  EX-114  MOD  1  warhead  explosive  were 
obtained  from  card  gap  data  for  similar  explosives  by  analogy.  An  actual  card 
gap  value  should  be  determined  for  this  explosive. 

One  mechanism  for  propagation  of  detonation  between  warheads  Is  worth 
Investigating  further:  Will  a  violent  reaction  response  of  the  solid  rocket 
propellant  sympathetically  detonate  the  forward  warhead  explosive?  For  the 
purposes  of  this  study,  the  assumption  was  made  that  a  violently  reacting  rocket 
motor  could  sympathetically  detonate  a  forward  or  adjacent  warhead.  If  this 
assumption  were  proven  to  be  false,  then  nose-to-tail  stacking  of  missiles  could 
eliminate  detonation  propagation  between  adjacent  warheads. 

The  enchancement  of  preformed  fragment  Impacts  In  the  vicinity  of  the 
maximum  fragment  Impact  range  should  be  Investigated  experimentally.  The 
computed  results  for  SPARROW  and  for  the  generic  warhead  discussed  in  the 
appendix  are  based  on  the  assumption  that  all  the  preformed  fragments  have 
the  same  mass,  shape,  and  aerodynamic  properties.  These  calculations  tend  to 
overestimate  the  fragment  hazard  produced  by  warheads  of  the  preformed  warhead 
design. 


APPENDIX  A 


GENERIC  PREFORMED  FRAGMENT  TRAJECTORY  CALCULATIONS 


Computer  program  TRAJ  was  used  to  compute  the  trajectories  of  fragments 
for  a  generic  preformed  fragment  warhead.  This  generic  warhead  design  was 
defined  to  Illustrate  the  methods  used  and  the  qualitative  trends  obtained 
for  the  classified  SPARROW  results.  Except  for  the  fact  that  both  the  SPARROW 
and  the  generic  warheads  are  of  the  "preformed  fragment"  design,  there  are  no 
other  similarities  between  them. 

The  trajectory  calculations  are  used  to  establish  the  areal  distribution 
of  the  preformed  fragments  as  a  function  of  range.  The  assumed  fragment  para¬ 
meters  for  these  calculations  are  given  In  Table  A-1. 

For  the  trajectory  calculations,  the  fragments  were  uniformly  distributed 
circumferentially  around  the  warhead  with  the  longitudinal  axis  of  the  missile 
oriented  parallel  to  the  ground  surface.  The  angles  of  elevation  for  the  frag¬ 
ments  were  varied  between  0°  and  90°  (only  one  quadrant  and  hence  only  60 
fragments  needed  to  be  considered  because  of  symmetry)  to  obtain  the  spread  of 
Impact  ranges  out  to  the  maximum  fragment  Impact  range  of  1280  m  (4200  ft). 
These  results  are  given  In  Figure  A-1.  All  fragments  Impacted  at  hazardous 
energies  (greater  than  80  J  (38  ft-lb)). 

The  fragment  areal  densities  were  determined  from  the  data  presented  in 
Figure  A-1  by  proportioning  the  fragments  In  30.5  m  (100  ft)  range  Increments 
out  to  the  maximum  range  for  the  IS*’  side  spray  sector.  Because  of  cylindrical 
symmetry,  the  proportion  of  fragments  Impacting  at  a  particular  range  Increment 
Is  equal  to 


F 


1 


40 


90° 


where  F^  Proportion  of  fragments  In  90°  quadrant  Impacting  in  range  Increment 
1;  for  example  4%  of  the  fragments  have  Impact  ranges  between  850  m 
and  900  m  (see  Figure  A-1) . 


■>  Spread  of  Initial  elevation  angles  for  fragments  Impacting  range 
^1  Increment  ^  from  low  angle  trajectories* 

49„  •  Spread  of  Initial  elevation  angles  for  fragments  Impacting  range 

"l  Increment  ^  from  high  angle  trajectories* 


For  impact  ranges  less  than  the  maximum  range,  there  are  two  trajectory 
solutions.  The  low  and  high  designations  are  referenced  relative  to  the 
Initial  elevation  angle  6^^  corresponding  to  the  maximum  range. 
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TABLE  A-1  GENERIC  PREFORMED  FRAGMENT  WARHEAD  DATA 


Nominal  Preformed  Fragment  Dimensions: 


Length, 

mm 

(in) 

51 

(2.0) 

Width, 

mm 

(in) 

25 

(1.0) 

Thickness, 

mm 

(in) 

13 

(0.50) 

-  2  2 

Average  C^A/m,  mm  /gm  (in  /lb) 

5.0 

(3.5) 

Drag  Coefficient,  C^ 

1.0 

-  2  2 
Average  Area,  A  mm  (In  ) 

645 

(1.0) 

Mass,  gm  (lb) 

130 

(0.29) 

Maximum  Initial  Fragment  Velocity,  m/s 

(ft/ 

a) 

1500 

(5000) 

Number  of  Preformed  Fragments 

240 

Fragment  Beam  Spray  Width,  degrees 

15 
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IMPACT  RANGE  (METERS) 


PIOURE  A-1.  GENERIC  PREFORMED  FRAGMENT  IMPACT  RANGE  VERSUS  INITIAL  ELEVATION  ANGLE 
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IMPACT  RANGE  (FEET) 


Table  A>2  gives  the  range  Increments  considered,  the  percentage  of 
fragments  Impacting  in  each  range  increment,  and  the  maximum  numbers  of  mass 
detonating  warheads  allowed  at  ground  zero  such  that  the  fragment  hazard 
criterion  is  not  exceeded;  that  is,  such  that  there  is  less  than  one  hazardous 
fragment  which  possesses  80  J  (58  ft>lb)  kinetic  energy  or  greater  impacting 
per  56  (600  ft^)  ground  surface  area.  Note  in  Table  A-2  that  18%  of  the 

fragments  impact  within  -30  m  (100  ft)  of  the  maximum  fragment  impact  range 
(1280  m  (4200  ft)).  For  this  reason,  the  range  Increment  from  1250  m  -  1280  m 
(4100  ft  -  4200  ft)  is  the  critical  location  for  hazardous  fragments  —  17  or 
more  warheads  produce  sufficient  fragments  impacting  at  this  range  to  exceed 
the  fragment  hazard  criterion  within  the  15°  beam  spray.  The  next  region  that 
is  hazardous  for  a  minimum  of  17  warheads  is  located  less  than  90  m  (300  ft) 
from  ground  zero. 

The  percentage  of  fragment  Impacts  within  the  (30.5  m)  100  ft  increments 
(column  2  in  Table  A-2)  are  plotted  in  Figure  A-2  to  better  display  the  en¬ 
hancement  of  the  fragment  impacts  in  the  vicinity  of  the  maximum  range. 

A  limited  sensitivity  analysis  was  performed  with  the  trajectory  calcula¬ 
tions  that  gave  the  following  results.  The  base  calculation  assumed 
Cq  ■  1.0,  A  ■  645  mm^,  and  v  »  1500  m/s. 

(1)  a  t  10%  variation  in  drag  coefficient,  Cp  ■  1.1,  0.9  gives  a 
(-7.9%,  -f  9.6%)  variation  in  maximum  impact  range. 

(2)  a  ±  10%  variation  in  drag  area*  A  «  710,  581  mm2  gives  a 
(-6.1%,  +  11.8%)  variation  in  maximum  impact  range. 

(3)  a  ±  10%  variation  in  initial  fragment  velocity,  v  ••  1650, 

1350  m/s  gives  a  (+2.5%,  -2.7%)  variation  in  maximum  impact  range. 

The  above  results  Indicate  that  variations  in  fragment  drag  coefficients 
and/or  drag  areas  (characteristic  fragment  lengths)  have  a  more  significant 
effect  on  the  fragment  impact  ranges  than  do  comparable  variations  in  initial 
fragment  velocities. 

Note  that  the  30.5  m  (100  ft)  impact  range  increment  used  to  define  the 
fragment  impact  range  distribution  (Table  A-2)  is  on  the  order  of  variation 
of  the  Impact  range  for  a  10%  variation  in  initial  fragment  velocity. 


A 

For  the  same  shape  fragment  this  corresponds  to  a  (-7.0%  +  13.6%)  variation 
in  characteristic  fragment  length.  Note  that  the  variation  in  impact  range 
correlates  more  closely  with  changes  In  fragment  length  than  with  area. 
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TABLE  A-2  GENERIC  PREFORMED  FRAGMENT  IMPACT 
RANGE  DISTRIBUTION 


* 

Range  Increment 
(ft) 

%  of  Fragments  to  Impact 
Within  Range  Increment*'*' 

Maximum  Number  of 
Mass  Detonating 
Warheads  to  Satisfy 
Fragment  Hazard 
Criterion  for  Range 
Increment** 

0-100 

1.1 

3 

100-200 

1.1 

10 

200-300 

1,1 

17 

300-400 

1.1 

23 

400-500 

1.1 

29 

500-600 

1.1 

35 

600-700 

1.2 

41 

700-800 

1.2 

47 

800-900 

1.2 

52 

900-1000 

1.2 

58 

1000-1100 

1.2 

64 

1100-1200 

1.2 

69 

1200-1300 

1.2 

74 

1300-1400 

1,2 

79 

1400-1500 

1.3 

84 

1500-1600 

1.3 

88 

1600-1700 

1.3 

92 

1700-1800 

1.3 

96 

1800-1900 

1.4 

99 

1900-2000 

1.4 

101 

2000-2100 

1.4 

103 

2100-2200 

1.5 

105 

2200-2300 

1.5 

107 

2300-2400 

1.6 

108 

2400-2500 

1.6 

109 

2500-2600 

1.7 

109 

2600-2700 

1.8 

109 

2700-2800 

1.8 

109 

2800-2900 

1.9 

107 

484 


TABLE  A-2  (CONT.) 


Range  Increment* 

(ft) 

%  of  Fragments  to  Impact 
Within  Range  Increment** 

Maximum  Number  of 
Mass  Detonating 
Warheads  to  Satisfy 
Fragment  Hazard 
Criterion  for  Range 
Increment** 

2900-3000 

2.0 

106 

3000-3100 

2.1 

103 

3100-3200 

2.3 

100 

3200-3300 

2.5 

96 

3300-3400 

2.6 

92 

3400-3500 

2.9 

87 

3500-3600 

3.2 

82 

3600-3700 

3.  5 

76 

3700-3800 

4.0 

69 

3800-3900 

4.6 

60 

3900-4000 

5.5 

52 

4000-4100 

7.4 

39 

4100-4200 

18.4 

16 

Computations  were  performed  in  English  units  (100  ft  ■  30.5  m) . 

r 

These  results  for  43  entries  In  the  present  table  are  interpolated  using  a 
four-point  scheme  from  the  results  of  44  trajectory  calculations. 


FRAGMENT  IMPACT  RANGE  (ml 


8 


XNiMaU3N>  aONVU  lOVdimi  id  001  Ni  SlNaWOVUd  JO  INSOBaJ 


^f>P000445 


BASIC  TOW  MISSILE  (BGM-71A-1) 
QUANTITY-DISTANCE  HAZARD  STUDY 
FOR  HAND1.ING  OPERATIONS 


RICHARD  A.  LORENZ  AND  DR.  JERRY  M.  WARD 


NAVAL  SURFACE  WEAPONS  CENTER 
EXPLOSION  DYNAMICS  BRANCH 
WHITE  OAK,  SILVER  SPRING,  MARYLAND  20910 


487 


SUMMARY 


A  quantlty-dlstanca  study  vaa  ptrfornad  for  tha  baaic  TOW  guldad  nlaalla 
BCM-72A-1  In  pallat.  waapon  skid,  and  hallcoptar  transport/handllns  conflgura- 
tlnna. 


A  aynpathatlc  datonatten  taat  waa  conductad  with  tha  nlatllaa  In  tha  palltt 
unit  load  (AOU-486/E  pallat  adaptar)  configuration  to  varlfy  analytical  prodlc- 
tlona  for  datonation  propagation.  Hiah  x-ray  taata  wara  parfornad  to  varlfy 
aatlaatea  for  tha  ahapad  charga  alug  xMaa,  ahapa,  and  Initial  velocity.  Tha 
taata  aupportad  tha  pradlctlona.  For  dlffarancaa  that  did  occur  bttwaan  tha 
taat  raaulta  and  pradlctlona ,  tha  predictions  tended  to  be  conaarvatlva  -- 
that  la,  they  over-aatlmatad  the  hatard.  Analyaea  of  tha  teat  data  Indlcata 
that  propagation  of  datonation  In  tha  pallat  configuration  la  highly  unlikely. 
However,  violent  reactions  did  occur  within  tha  pallat  but  wara  United  to 
nearby  nlaallea  within  a  dlract  line  of  sxght  fron  tha  donor  warhead. 

Without  shipping  eontalnara,  all  nlaallea  are  expected  to  detona'^in  tha 
weapon  skid  configuration.  Only  a  vertical  pair  of  nlaallea  In  tha  four  round 
nodular  launehar  la  expected  to  detonate  in  the  helicopter  configuration. 


Tha  naxlnun  credible  events  and  the  assoclatad  haaard  rangea  for  the 
transport/handling  configurations  considered  are  listed  balow. 


Maxlnup.  Credible  Event  (MCE) 


Configuration 

Pallet 

Weapon  Skid 

Helicopter 


Detonation  Contribution 

1  warhead  plus 
flight  notor 

16  warheads  plus 
flight  notor 

2  warheads  plus 
flight  notor 


THT  Equivalent  for 
Datonation.  kgdbl 

5.5  (12) 


55.2  (122) 
8.8  (19) 


Violent  Reactions 
Contribution 

7  warhaads  plus 
7  flight  notors 

IS  flight  motors 


2  warheads  plus 

3  flight  notors 


Configuration 
Pallet 
Weapon  Skid 
Helicopter 


Acceptable  Hatard  Range 
Alrblast,  ntft) 

37  (121) 

77  (252) 

A2  (139) 


Fragments.  n!(ft) 
71  (233) 

87  (285) 

58  (190) 


Only  detonations  contribute  to  the  alrblast  acceptable  hazard  range 
determination.  The  determination  of  the  fragment  acceptable  hazard  range  also 
Includes  the  effects  of  violent  (non-detonating)  reactions.  As  can  be  seen  from 
the  table  above,  the  acceptable  hazard  handling  arc  that  can  be  applied  to  all 
transport/handling  configurations  considered  Is  67  m  (285  ft)  as  determined  by 
the  fragment  hazard.  Because  no  hazard  ranges  went  beyond  152  m  (500  ft),  no 
inhlbitor/shlald  design  la  needed. 

There  can  be  one  unique  hazaidous  frsgme.it  formed,  the  shaped  charge  slug, 
that  can  travel  well  beyond  the  fragment  hazard  ranges  listed  above.  The  slue, 
if  It  is  formed,  rapresents  a  significant  hazard  for  the  direction  in  which  the 
nlsalle  is  pointing.  Controlling  the  orientation  of  the  mlsaila  or  ualng  a 
massive  shield  appear  to  be  the  two  basic  methods  available  for  reducing  the 
alug  hazard  from  a  missile  transported/handled  In  the  all-up  configuration. 

The  jet  associated  with  the  shaped  charge  dissipates  well  within  the  acceptable 
hatard  handling  arc  stated  above.  However.  It  should  be  pointed  out  that  pro¬ 
per  initiation  of  the  shaped  charge  explosive  la  required  for  formation  of  the 
Jet  and  slug.  If  tha  warhead  explosive  is  not  proper'.y  initiated  near  the 
detonator.  It  Is  highly  unlikely  that  either  the  Jet  or  the  slug  will  be  formed. 
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I .  INTRODUCTION 


This  task  was  performed  as  part  of  TOW  systems  safety  engineering  support 
to  satisfy  the  Weapon  Systems  Explosives  Safety  Review  Board  (WSESRB)  approval 
for  service  use  of  TOW  weapon  equipped  helicopters  aboard  Navy  vessels. 

Methods  developed  for  Che  Naval  Explosives  Safety  Improvement  Program  (NESIP) 
Technology  Base  were  used  to  obtain  Che  analytical  results  presented  In  this 
report.  The  methodology  Is  described  briefly  In  Reference  1. 

Flash  x-ray  tests  with  a  TOW  missile  warhead  In  shipping  configuration 
(CNU-333/E)  and  with  a  bare  warhead  were  conducted  at  the  NSWC  Montana  Shelter 
Facility,  Dahlgren  Laboratory,  to  define  the  shaped  charge  slug  parameters.  A 
sympathetic  detonation  test  for  a  unit  load  (ADU-486/E  pallet  adapter)  of  TOW 
missiles  (quantity  eight)  with  one  donor  and  seven  acceptors  was  conducted  at 
the  Naval  Ordnance  Missile  Test  Facility,  DICE  THROW  Test  Site,  White  Sands 
Missile  Range,  Mew  Mexico  Co  establish  experimentally  the  alrblast  and  fragment 
hazards  associated  with  an  accidental  detonation  In  the  pallet  handling  unit. 

These  test  results  were  required  to  verify  and  complement  the  analytical  haz¬ 
ard  predictions. 

The  hazard  definition  of  Interest  here  Is  the  acceptable  hazard  handling 
arc.  The  acceptable  arc  for  an  explosion  event  Is  determined  by  the  minimum 
^  range  at  which  both  blast  overpressure  and  fragment  hazard  criteria  are  satis¬ 
fied.  These  criteria  are: 

(1)  The  blast  overpressure  must  be  less  than  6.9  kPa  (1  psi) . 

(2)  The  hazardous  fragment  flux  evaluated  for  the  ground 
surface  area  must  be  less  than  1  hazardous  fragment  per 
56  m2  (600  ft^).  A  fragment  is  considered  hazardous  when 
it  has  an  impact  energy  of  80  Joules  (58  ft-lb)  or  greater. 

Note  that  the  fragment  hazard  criterion  specifies  an  acceptable  areal  density 
for  hazardous  fragments,  not  a  maximum  range  for  hazardous  fragments.  There 
can  be  hazardous  fragments  beyond  the  acceptable  hazard  handling  arc;  however, 
their  areal  density  must  be  less  than  the  level  specified  by  (2)  above. 

An  NSWC  technical  report  that  presents  more  detailed  analytical  and  test 
results  is  to  be  published  at  a  later  date. 


Porzel ,  Francis  B .,  "Technology  Base  of  the  Navy  Explosives  Safety  Improvement 
Program,"  Minutes  of  the  Nineteenth  Explosives  Safety  Seminar,  Department  of 
Defense  Explosives  Safety  Board,  Los  Angeles,  CA,  Sep  1980 
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II.  BASIC  TOW  MISSILE  DESCRIPTION 


Th«  basic  TOW  (Tube  Launched  ^tlcal  Tracked  Wire  Guided)  Weapon 
(designated  BGM-71A-1)  la  a  guided  missile  propelled  by  solid  propellant 
launch  and  flight  motors  that  delivers  a  conical  shaped  charge  warhead. 
The  missile  Is  shown  deployed  and  In  various  transport  configurations  In 
Figures  1  through  6. 

The  mass  breakdown  for  the  missile  and  selected  dimensions  are  given 
In  Table  1.  The  explosive  and  propellant  properties  are  given  In  Table  2. 


III.  SYMPATHETIC  DETONATION 


The  configurations  considered  in  this  section  are  the  palletized  basic 
TOW  missile  In  launch  tube  (Figures  1  and  2)  and  shipping  container  (Figure  3) 
as  shown  In  Figure  4,  the  basic  TOW  missile  in  launch  tube  only  as  illus¬ 
trated  for  the  weapon  skid  in  Figure  5,  and  the  helicopter  launcher  in  Figure  6. 
Tables  1  and  2  contain  the  pertinent  values  used  in  the  calculations  below. 

Only  warhead  (W/H)  and  flight  motor  (F/M)  combinations  were  investigated  because 
Reference  2  indicates  that  the  W/H  explosive  and  F/M  propellant  would  sympathet¬ 
ically  detonate  each  other,'*  and  that  the  launch  motor  propellant  would  not 
sympathetically  detonate  for  either  a  W/H  explosive  or  a  F/M  propellant  detona¬ 
tion.  Table  3  lists  the  donor /acceptor  combinations  considered  and  the  pressure 
thresholds  necessary  to  detonate  the  acceptors.  In  the  calculations  below,  the 
total  prompt  energy  available  from  a  W/H  explosive  detonation  Is  taken  to  be 
10.04  MJ  and  that  from  a  F/M  propellant  detonation  is  6.26  MJ. 

Airblast  Initiation  Predictions 


Blast  induced  pressures  In  the  acceptor  materials  were  calculated  in  the 
following  manner.  The  donor  was  assumed  to  be  a  spherical  charge.  UTE  (Ref.  3) 
calculations  were  made  for  the  normally  reflected  pressures  at  the  positions  of 
the  acceptors.  Any  shielding  effects  of  the  Intervening  materials  were  Ignored, 
which  results  In  the  highest  loads  being  calculated.  It  turns  out  for  this  parti¬ 
cular  TOW  configuration  that  including  the  Intervening  materials  as  added  mass 
surrounds  about  the  donor  does  not  appreciably  change  the  reflected  pressures 
calculated.  The  induced  pressures  were  assumed  to  equal  these  reflected  pressures 
in  the  acceptors  and  are  listed  In  Table  3.  All  the  blast  induced  pressures  are 
significantly  less  than  the  detonation  thresholds  of  the  acceptors  except  for 
case  5  where  the  fragment  induced  pressure  Is  even  greater  than  the  blast  Induced 
pressure.  For  these  reasons  no  corrections  were  made  to  the  UTE  calculations  to 
account  for  the  cylindrical  geometry  of  the  charge  or  the  effect  of  any 
shielding  by  intervening  materials. 


if 

The  electronics  section  was  not  included  in  the  Reference  2  tests.  The  present 
calculations  do  account  for  the  electronics  section. 

\ynch,  C.  L.  and  Tucker,  W.  L.,  "TOW  Hazards  Classification  Tests,"  Report 
No.  RT-TM-66-73,  U.S.  Army  Missile  Command,  Redstone  Arsenal,  AL,  15  Sep  1966. 

O 

Porzel,  Francis  B.,  "Introduction  to  a  Unified  Theory  of  Explosions  (UTE)," 
NOLTR  72-209,  14  Sep  1972. 
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Fragment  Initiation  Predictions 


Fragment  Induced  preeaures  In  the  acceptor  materials  were  calculated 
in  the  following  manner.  The  donor  was  considered  to  be  a  cylindrical  charge. 
Initially »  the  energy  flux  and  mass  motion  of  the  donor  are  assumed  to  be 
directed  normal  to  the  charge  surfaces.  It  was  estimated  for  both  W/H  and  F/M 
donors  that  approximately  60  percent  of  the  mass  and  energy  Is  directed 
radially  outward  from  the  sides  and  20  percent  Is  directed  axially  from  each 
end  face.  Appropriate  masses  for  materials  located  between  donor/acceptor 
explosives  and  propellants  were  used  In  the  velocity  calculations.  The  more 
Important  mass  values  are  given  In  Table  1. 

The  Initial  velocity  of  a  fragment  was  calculated  according  to  the 
formula : 


where  v  >•  Initial  velocity  of  the  fragment 

E  ••  donor  energy  propagating  In  the  given  direction 

M  <■  mass  accelerated  In  the  given  direction 

The  additional  factor  of  1/2  accounts  for  the  Initial  partition  of  energy 
between  kinetic  and  internal  energy.  The  calculated  velocity  was  used  In  the 
following  equation  to  estimate  the  pressure  induced  by  fragment  Impact  In  the 
acceptor  material. 


P  ■  pcv/K 


where  P  ■  pressure  Induced  in  acceptor 

p  ■  Initial  density  of  acceptor 

c  *  sound  speed  in  acceptor  material 

V  «  initial  velocity  of  fragment  as  calculated  above 

K  «  factor  representing  reduction  in  fragment  velocity 
due  to  conservation  of  momentum  between  fragment 
and  shielding  material 

When  the  Intervening  mass  Increments  (mi)  are  accumulated  and  carried  along 
with  the  original  fragment  mass  (mQ) ,  the  K-f actor  Is  calculated  as ; 

K  -  1  +X)n^/m^ 

^ere  the  summation  Includes  all  mass  elements  Involved.  When  the  Intervening 
mass  elements  (mj^)  are  punched  out  and  then  separate  from  the  original  frag¬ 
ment  mass  (m^)  before  striking  the  next  plate,  the  K-f actor  Is  calculated  as; 

K  -  II  (1  + 


m 


whare  the  product  function  covara  all  appropriapa  maaa  alamenta.  Tha  first 
definition  for  tha  K>factor  reaulta  In  tha  highest  calculated  Induced 
pressure  In  the  acceptor  material. 

As  summarised  In  Table  3»  if  the  F/M  propellant  detonates,  the  associated 
W/H  explosive  should  sympathetically  detonate,  but  the  adjacent  F/M  propellant 
should  not.  If  the  W/H  exploaflve  detonates,  the  associated  F/M  propellant  should 
not  sympathetically  detonate  but  the  adjacent  W/H  explosive  may  possibly 
sympathetically  detonate.  Since  W/H  to  W/H  sympathetic  detonation  Is  marginal, 

It  can  be  expected  In  the  pallet  configuration  that  some  adjacent  warheads  may 
sympathetically  detonate,  but  that  any  propagation  of  detonations  will  rapidly 
die  out.  Mote  that  even  though  the  adjacent  W/H  may  not  detonate,  the  high 
Induced  pressures  calculated  Indicate  that  the  W/H  explosive  is  very  likely  to 
experience  an  energetic  reaction  such  as  deflagration  or  rapid  burning. 

Sympathetic  Detonation  Test 

A  sympathetic  detonation  test  was  conduced  by  the  Naval  Ordnance  Missile 
Test  Facility  personnel  at  the  White  Sands  Missile  Range,  New  Mexico.  The 
objectives  were  to:  (1)  determine  the  maximum  credible  event  (MCE)  for  the  deto¬ 
nation  of  a  single  shaped  charge  W/H  In  a  unit  load  pallet  configuration 
(ADU-486/E)  of  eight  all-up  basic  TOW  missiles  In  CMU-333/E  shipping  and  storage 
containers;  (2)  determine  the  alrblast  hazard  range  for  the  test  configuration; 
and  (3)  determine  the  fragment  hazard  range  for  the  test  configuration. 

Missile  //2  in  Figure  4  was  the  donor  W/H.  A  high  speed  camera  was  set  up 
to  document  the  explosion  event  with  a  large  field  of  view.  A  higher  speed 
camera  was  aligned  nose-on  to  record  detonation  propagation  between  missiles  In 
the  pallet.  Two  lines  of  pressure  gages  were  set  up  to  record  the  alrblast 
generated  by  the  event.  Fragment  recovery  areas  were  set  up  out  to  427  m 
(1400  ft)  In  61  m  (200  ft)  radial  by  20°  angular  sectors. 

The  test  results  pertaining  to  sympathetic  detonation  are  discussed  In  the 
next  paragraph.  Results  pertaining  to  the  alrblast  and  fragment  hazards  will 
be  discussed  in  their  respective  sections. 

Test  Results 


Post-test  debris  observations  Indicated  that  In  addition  to  the  donor  W/H 
detonation,  five  acceptor  warheads  broke  apart  violently  and  five  flight  motors 
reacted  violently.  Six  Intact  launch  motors,  one  Intact  flight  motor,  and  two 
Intact  TOW  missiles  (still  In  CNU-333/E  containers)  were  located  within  the 
recovery  area.  The  debris  evidence,  therefore,  suggests  that  the  maximum  con¬ 
tribution  to  the  MCE  for  this  test  would  come  from  the  explosive/propellant 
from  six  warheads  and  five  flight  motors  (30  kg  (67  lb)  TNT)). 

The  donor  missile  is  labeled  112  In  Figure  4.  Missiles  116  and  116  were 
recovered  Intact  In  their  containers.  This  suggests  the  following  propagation 
scheme.  The  donor  missile  112  fragments  cause  missiles  111,  116,  //4  and  #5  to 
react.  There  Is  also  a  direct  path  for  fragments  between  missiles  112  and  111, 
Missiles  #6  and  118  were  shielded  from  direct  impact  by  fragments  from  missile 
112.  Therefore,  missiles  116  and  118  did  not  react.  If  this  propagation  scheme 
la  correct,  then  a  corner  donor  such  as  missile  111  would  cause  acceptor  missiles 
#2,  //4,  115  and  116  to  react.  All  seven  acceptors,  however,  would  react  if 
either  missile  //4  or  (/5  were  the  donor. 
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The  camera  viewing  the  pallet  noae-ont  which  could  possibly  have  given 
photographic  evidence  of  sympathetic  detonation,  did  not  operate  during  the 
test.  However,  the  camera  viewing  the  pallet  side-on  from  a  great  distance 
with  a  large  field  of  view  did  document  that  only  one  shaped  charge  Jet/slug 
was  formed,  that  of  the  donor  warhead.  This  documentary  film  also  showed  that 
at  least  two  rocket  motors  did  go  propulsive  for  a  short  period  of  time  and  that 
energetic  reactions  continued  in  the  vicinity  of  ground  zero  for  a  considerably 
longer  period  of  time. 

The  airblast  data  indicates  that  only  the  donor  W/H  explosive  detonated. 

The  violent  reactions  which  were  observed  in  the  acceptor  materials  release  a 
considerable  amount  of  energy  which  can  contribute  to  the  fragment  hazard,  but 
which  is  too  late  to  enhance  the  blast  wave.  Therefore,  a  warhead  detonation 
is  not  expected  to  cause  sympathetic  detonation  in  the  pallet  configuration. 

Conclusions 


Pallet  Configuration.  The  predictions  summarized  for  cases  2  and  3  in 
Table  3  Indicate  that  sympathetic  detonation  is  marginal  for  the  adjacent  war¬ 
heads.  The  pallet  test  which  represented  seven  donor-acceptor  detonation 
propagation  tests  showed  that  there  was  no  sympathetic  detonation,  but  that 
many  violent  reactions  occurred.  This  agreement  between  predictions  and  test 
results  allows  us  to  rely  on  the  predicted  results,  which  are  somewhat  more 
severe,  without  having  to  test  each  of  the  other  configurations. 

The  MCE  for  the  pallet  configuration  shown  in  Figure  4  is  the  detonation 
of  one  flight  motor  and  one  warhead,  with  violent  reactions  occurring  in  the 
remaining  warheads  and  flight  motors. 

Weapon  Skid  Configuration.  Cases  5  and  6  in  Table  3  indicate  that  the 
warheads  will  mass  detonate  if  any  one  of  them  detonates.  The  detonation  of 
a  F/M  will  cause  the  detonation  of  a  W/K  (case  2) ,  but  will  not  cause  the 
adjacent  flight  motors  to  detonate  (case  6). 

The  MCE  for  the  weapon  skid  configuration  shown  in  Figure  5  is,  therefore, 
the  detonation  of  one  flight  motor  and  all  warheads,  with  violent  reactions 
occurring  in  the  remaining  flight  motors. 

Helicopter  Configuration.  Figure  6  shows  that  adjacent  weapons  in  the 
vertical  direction  correspond  to  cases  5  and  6  in  Table  3.  There  is  sufficient 
launcher  mass  between  horizontal  neighbors  that  sympathetic  detonation  is  not 
expected  to  occur. 

The  MCE  for  the  four  round  helicopter  configuration  shown  in  Figure  6 
is  the  detonation  of  one  flight  motor  and  two  warheads,  with  violent  reactions 
occurring  for  the  remaining  two  warheads  and  three  flight  motors. 
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IV.  AIRBLAST  HAZARD 


The  alrblest  haiard  range  la  defined  ae  that  distance  from  the  point  of 
detonation  at  which  the  slde-on  overpressure  Is  equal  to  6.9  kPa  (1.0  pal). 

Predictions 


Alrblest  predictions  for  sea  level  conditions  wars  calculated  using  the 
computer  program  UTEDMG  (refs.  1  and  3).  In  the  calculations,  the  total  prompt 
energy  avialable  from  a  W/H  explosive  detonation  Is  taken  to  be  10.04  MJ  and 
that  from  a  F/M  propellant  detonation  is  6.26  MJ.  The  explosive/propellant 
masses  and  case/launcher/shlpping-container  masses  surrounding  the  detonating 
materials  were  calculated  using  the  data  In  Table  1.  The  predicted  alrblast 
hazard  ranges  for  the  HCE's  defined  In  Section  III  are  presented  In  the  table 
In  the  Conclusions  paragraph  below. 

Test  Results 


,The  alrblast  results  from  the  sympathetic  detonation  test  described  In 
Section  III  Indicate  that  the  alrblast  hazard  range  Is  25m  (82  ft)  for  the 
pallet  configuration.  This  Is  the  result  of  a  single  W/H  detonating.  The 
predicted  hazard  range  is  larger  because  the  MCE  Is  the  detonation  of  both  a 
W/H  and  a  F/M. 

Conclusions 

The  alrblast  hazard  ranges  for  the  MCE's  in  the  handling/transport  con¬ 
figurations  of  Interest  are  sxnnmarized  below: 

Alrblast 

TOW  Configuration  Hazard  Range 

Pallet  37  m  (121  ft) 

Weapon  Skid  (16  missiles)  77  m  (252  ft) 

Helicopter  42  m  (139  ft) 

The  predicted  maximum  number  of  TOW  weapons  that  can  mass  detonate  and  still 
not  exceed  the  alrblast  hazard  criterion  at  152  m  (500  ft)  Is  70  weapons. 


V.  FRAGMENT  HAZARD 


The  fragment  hazard  range  is  defined  as  that  distance  from  ground  zero 
for  which  the  hazardous  fragment  flux  evaluated  for  the  ground  surface  area 
falls  below  one  hazardous  fragment  per  56  m^  (600  f t^) .  A  hazardous  fragment 
has  an  Impact  energy  greater  than  or  equal  to  80  Joules  (58  ft-lb) . 

Predictions 


In  the  present  calculations.  It  was  assumed  that  the  energy  from  the 
violent  reactions  contributed  to  the  fragment  hazard  as  well  as  that  from  the 
detonations.  The  calculations  indicate  that  the  steel  fragments  from  the  F/M 
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c«M  more  hmardou*  than  the  aluminum  fragments  from  the  W/H  case.  The 
predicted  fragment  hasard  ranges  for  the  MCB's  defined  in  Section  111  are 
presented  in  the  table  in  the  Conclusions  paragraph  below. 

The  fragment  predictions  were  calculated  using  the  computer  code  FEN 
(ref.  1).  The  data  in  Table  1  were  used  to  define  the  fragment  characteristics 
for  the  calculations.  The  characteristic  dimension  of  the  aluminum  fragments 
was  taken  to  be  equal  to  the  thickness  of  the  W/H  case.  That  of  the  steel 
fragments  was  taken  to  be  one  half  the  thickness  of  the  thicker  F/M  case .  The 
larger  the  fragment  dimension,  the  farther  the  fragments  travel  when  all  other 
trajectory  parameters  are  equal.  A  drag  coefficient  of  1.28,  corresponding  to 
supersonic  velocities,  was  used.  A  shape  factor  of  0.3,  a  typical  value  for 
Irregularly  shaped  bomb  fragments,  was  assumed.  The  shape  factor  (SF)  is 
defined  by  the  relationship:  volume  «  SF  x  frontal  area  x  length.  The  initial 
fragment  velocity  was  taken  to  be  equal  to  the  velocity  of  the  side  spray 
fragments  from  the  flash  x-ray  tests  described  in  Section  VI.  The  predicted 
fragment  side  spray  velocity  was  quite  close  to  the  measured  value. 

Test  Results 

Thirty  one  large  pieces  of  debris  (fragments)  were  recovered  from  the 
pallet  test  described  in  Section  Ill.  only  a  cursory  fragment  recovery  effort 
was  performed  in  order  to  Identify  the  major  debris  items.  No  comprehensive 
recovery  of  hazardous  fragments  was  undertaken.  However,  based  only  on  the 
recovered  debris,  the  fragment  hazard  range  for  the  test  was  evaluated  to  be 
38  m  (125  ft).  Twelve  of  the  recovered  fragments  landed  farther  than  38  m 
from  ground  zero,  but  their  areal  density  did  not  exceed  the  hazard  criterion. 

Conclusions 


The  fragment  hazard  ranges  for  the  HCE's  in  the  handllng/transport 
configuration  of  interest  are  summarized  below: 


TOW  Configuration 


Number  of 
Weapons 


Fragment 
Hazard  Range 


Pallet 
Weapon  Skid 
Helicopter 


8 

16 

4 


71  m  (233  ft) 
87  m  (285  ft) 
58  m  (190  ft) 


The  predictions  indicate  that  the  mass  detonation  of  basic  TOW  weapons 
should  not  violate  the  defined  fragment  hazard  criterion  at  152  m  (500  ft) 
until  the  number  of  weapons  approaches  the  level  of  185  weapons. 


VI.  JET/SLUG  HAZARD 


The  basic  TOW  shaped  charge  W/H,  if  initiated  properly,  will  produce  a 
very  high  speed  jet  and  a  somewhat  slower  but  more  massive  slug.  Both  the 
jet  and  the  slug  travel  in  the  nose  forward  direction. 
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Proper  Inltlfttion  of  the  shaped  charge  explosive  is  required  for  formation 
of  the  Jet  end  slug.  If  the  W/H  explosive  is  not  initiated  near  the  detonator, 
it  is  highly  unlikely  that  either  the  Jet  or  the  slug  will  be  formed.  Detonation 
of  the  F/M  propellant  could  possibly  properly  initiate  its  associated  W/H.  It  is 
extremely  unlikely  that  more  than  one  Jet/slug  set  would  be  formed  in  any  given 
accident  scenerlo. 

Because  of  •  nisitlve  nature  of  a  number  of  the  basic  TOW  warhead 
parameters,  the  r  ■»  in  this  section  are  given  in  general,  qualitative  terms 
for  this  paper. 

Predictions 


An  estimate  was  made  of  the  propagation  (penetration)  in  air  of  the  TOW 
shaped  charge  Jet  using  the  expression  below  taken  from  Reference  4. 


where  x  ■  Residual  penetration  in  steel  after  penetrating  a  thickness 
^  t  through  a  protective  material  of  density  p 

x^  -  Penetration  in  steel  with  no  protective  materials 

t  ■■  Thickness  of  protective  material 

p  •  Density  of  protective  material 

p  >  Density  of  steel 
8 

By  setting  x^  ••  0  the  "thickness"  jt  of  air  traversed  by  the  Jet  can  be  solved 
for.  This  value  of  ^  will  overestimate  the  distance  travelled  in  air  since 
the  above  equation  does  not  take  into  account  the  breakup  of  the  Jet  due  to 
transverse  instabilities  over  large  distances  of  travel.  Even  so,  the  jet 
is  predicted  to  dissipate  well  within  the  acceptable  hazard  range  of  152  m 
(500  ft). 

An  estimate  was  made  for  the  slug  size  and  shape.  Then  a  range  of  values 
was  considered  for  the  other  trajectory  parameters  (initial  velocity,  angle, 
drag  coefficient).  The  trajectory  calculations  were  made  using  the  computer 
program  TRAJ  (ref.  4).  In  the  pallet  configuration,  where  the  slug  started 
out  horizontally  three  feet  above  the  ground,  it  was  predicted  for  all  com¬ 
binations  of  assumptions  that  the  slug  would  travel  well  beyond  the  acceptable 
hazard  range  of  152  m  (500  ft).  If  the  missile  were  pointed  upward  at  the 
optimum  elevation  angle  between  20  and  25  degrees,  then  the  slug  could  easily 
travel  several  miles  before  impacting  the  ground. 

Flash  X-ray  Tests 

Flash  x-ray  tests  were  performed  by  NSWC  at  the  NSWC  Montana  Shelter 
Facility  at  Dahlgren,  Virginia.  The  objectives  were  to:  (1)  determine  the 
initial  velocity,  shape,  and  mass  of  the  slug  formed  by  the  basic  TOW  shaped 

A 

Pugh,  Emerson  M.,  "A  Theory  of  Target  Penetration  of  Jets,  NDRC  Report 
A-274  (OSRD-3752)  May  1944. 
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charge;  and  (2)  determine  the  initial  velocity  of  the  fragments  ejected  in  the 
side  spray  of  the  W/H  section. 

Two  TOW  W/H  configurations  were  tested.  For  Test  1  the  W/H  was  housed 
inside  the  glass  reinforced  plastic  launch  tube  and  the  aluminum  shipping 
container.  For  Test  2  only  the  bare  W/H  section  was  set  up. 

The  slug  shape  and  velocity  were  determined  from  two  X'-ray  pictures  taken 
a  known  time  interval  apart.  The  slug  mass  was  obtained  from  the  shape  on  the 
x^ray  film*  assuming  that  the  slug  was  a  solid  of  revolution  about  its  longi¬ 
tudinal  axis.  The  initial  velocities  of  the  side  spray  fragments  were  determined 
using  a  high  speed  camera  to  obtain  fragment  times  of  arrival  at  a  22  gauge 
mild  steel  flash  panel. 

Test  Results 


A  typical  flash  x-ray  picture  of  the  slug  is  shown  in  Figure  7.  The  slug 
shape  and  mass  were  quite  close  to  the  predicted  values.  The  velocities  of  the 
slug  and  the  side  spray  fragments  were  in  the  range  considered  for  the  predic¬ 
tions.  The  test  results  indirectly  Indicate  that  the  shaped  charge  jet  will 
travel  substantially  less  than  the  predicted  distance. 

Conclusions 


Because  proper  initiation  of  the  shaped  charge  explosive  is  required  for 
the  formation  of  the  jet  and  slug,  it  is  unlikely  that  a  fully  formed  jet  and 
slug  will  be  generated  in  an  accidental  detonation.  It  is  extremely  unlikely 
that  more  than  one  jet/slug  set  would  be  formed. 

The  jet  is  expected  to  dissipate  well  within  the  acceptable  hazard  range 
of  152  m  (500  ft). 

A  slug,  even  partially  formed,  represents  a  significant  hazard  in  the 
direction  that  the  missile  is  aligned  at  the  time  of  the  accident.  The  slug 
could  travel  several  miles  before  impacting  the  ground.  Controlling  the  orien 
tatlon  of  the  missile  or  using  a  massive  shield  appear  to  be  the  two  basic 
methods  available  for  reducing  the  slug  hazard  from  a  missile  transported/ 
handled  in  the  all-up  configuration. 
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TABLE  1  MASS  AND  DIMENSIONS  FOR  BASIC  TOW 


TOW  Missile 


Warhead  Section 

Explosive  Mass,  kg  (lb) .  2.4  (5.3) 

Total  Mass,  kg  (lb) . . .  3.9  (8.6) 

Aluminum  Case  Thickness,  mm  (in) .  1.3  (0.050) 

Electronics  Section 

Total  Mass,  kg  (lb) . .  . .  1.61  (3.54) 

Flight  Motor  Section 

Propellant  Mass,  kg  (lb) . . .  2.59  (5.72) 

Total  Mass,  kg  (lb) .  5.65  (12.45) 

Steel  Case  Thickness,  mm  (In) .  3.2  (0.13) 

Center  (Guidance)  Section 

Total  Mass,  kg  (lb) . .  .  2.44  (5.37) 

Launch  Motor  Section 

Total  Mass,  kg  (lb) .  5.48  (12.08) 

TOW  Total  Mass,  kg  (lb) .  19  (42) 

Launch  Tube 

Glass  Reinforced  Plastic  Mass,  kg  (lb) .  2.0  (4.5) 

Total  Mass,  kg  (lb) .  6.8  (15) 

Thickness,  mm  (In) .  1.9  (0.075) 

Density,  g/cm^  (lb/in3) . . .  1.87  (0.0676) 

Shipping  Container 

Aluminum  Tube  Mass,  kg  (lb) .  4.63  (10.2) 

End  Cap  Mass,  kg  (lb) .  4.94  (10.9) 

Total  Mass,  kg  (lb) . 14.5  (32) 

Tube  Case  Thickness,  mm  (In) .  1.6  (0.064) 

Polyethylene  Foam  Cushion 

Total  Mass,  kg  (lb) .  1.4  (3.0) 

Radial  Thickness,  mm  (In) . .  27.2  (1.07) 

Density,  g/cm3,  (lb/ft3)  .  0.032  (2.0) 
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TABLE  2  EXPLOSIVE  AND  PROPELLANT  PROPERTIES 


Warhead  Explosive:  OCTOL  Type  1  -  75/25  (HMX/TNT) 


Density,  g/cn^  (Ib/ln^)  .  1.81  (0.0655) 

TNT  Equivalent.  . . 1.38 

Large  Scale  Card  Gap  Test .  220  Cards 

1.64  GPa  (16.4  kbars) 

Sound  Speed,  tn/s  (ft/s) .  2400  (7890) 

Flight  Motor  Propellant:  PNJ  Double  Base  Propellant 

Density,  g/cm3  (Ib/in^)  .  1.58  (0.057) 

TNT  Equivalent  (Estimated) . 0.8 

Card  Gap  Test . . 55  Cards 

7.7  GPa  (77  kbars) 

Sound  Speed,  m/s  (ft/s) .  1580  (5180) 

Launch  Motor  Propellant:  M7  Double  Base  Propellant 

Density,  g/cm^  (Ib/ln^)  ...  .  1.63  (0.059) 

Card  Gap  Test . 65  Cards 

3.5  GPa  (35  kbars) 

Sound  Speed,  m/s  (ft/s) .  1630  (5348) 
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TABLE  3 

SYMPATHETIC  DETONATION  PREDICTIONS  FOR  PALLETIZED  BASIC  TOW 


Overpressure  In 


Case 

Donor 

Acceptor 

Detonation 
Threshold 
GPa  (kbar) 

Acceptor 

Blast  Fragment 

Induced  Induced 

GPa (kbar)  GPa (kbar) 

Sympathetic 

Detonation 

Same  Weapon 

1 

W/H 

F/M 

7.7  (77) 

0.53  (5.3) 

2.0  (20) 

No 

2 

F/M 

W/H 

1.6  (16) 

0.36  (3.6) 

2.8  (28) 

YES 

Neighboring  Weapons, 

With  Shipping  Containers 

3 

W/H 

W/H 

1.6  (16) 

0.37  (3.7) 

1.6  (16) 

Marginal 

4 

F/M 

F/M 

7.7  (77) 

0.25  (2.5) 

1.2  (12) 

No 

Neighboring  Weapons, 

Without  Shipping 

Containers 

5 

W/H 

W/H 

1.6  (16) 

1.5  (15) 

2.5  (25) 

YES 

6 

F/M 

F/M 

7.7  (77) 

1.5  (15) 

1.3  (13) 

No 

500 


CONTROL SURFACES 


FIGURE  2.  B6M-71A-1  TOW  GUIDED  MISSILE  LAUNCH  CONTAINER 


FIGURE  6.  TWO  (2»  OB  FOUR  14)  ROUND  MODULAR  LAUNCHER 


DIRECTION  OF  MOTION 


FIGURE  7.  FLASH  X-RAY  PICTURE  OF  BASIC  TOW  SLUG 
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HALF-SCALE  SUBMARINE  TENDER  WORKSHOP  EXPLOSION  HAZARDS 


Joseph  G.  Connor t  Jr. 

Naval  Surface  Weapons  Center 
White  Oak,  Silver  Spring,  Maryland  20910 


ABSTRACT 


As  part  of  the  Naval  Explosive  Safety  Improvement  Program  (NESIP) ,  a 
torpedo  warhead  was  detonated  inside  a  1/2  scale  model  of  a  submarine  tender 
workshop.  The  modol  was  tightly  confined  on  the  bottom  and  three  sides, 
lightly  confined  on  the  top  and  the  remaining  side  -  off  which  fragments  were 
collected  and  shock  overpressure  measured.  This  test  constitutes  a  worst  case, 
since  the  bulkheads  In  the  ship  will  provide  much  less  confinement  than  waa 
built  Into  the  model.  Fragment  hazards  extend  less  than  300  feet  from  the 
model  and  1  pel  overpressure  was  observed  400  feet  from  the  model  (300  and  800 
feet  for  a  full  scale  tender) .  A  second  test  was  performed  In  which  the  sides 
of  the  model  were  less  tightly  confined  than  on  the  first.  No  fragments  were 
recovered  and  1  pal  overpressure  was  observed  200  feet  from  the  model  (400  feet 
from  a  full  scale  tender) . 
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INTRODUCTION 


The  primary  objective  of  the  Navel  Exploalves  Safety  Improvement 
Program  (NESIP)  is  to  establish  the  Maximum  Credible  Event  (MCE)  and  the 
acceptable  hatard  ranges  pertinent  to  a  variety  of  munitions  handling 
situations.  Acceptable  hasards  are  defined  as  follows: 

-  lass  than  one  psi  blast  overpressure 
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-  less  than  one  fragment  per  600  ft  of  collection  area  with  kinetic 
energy  less  than  58  ft-lb. 

A  specific  NESIP  goal  is  to  determine  acceptable  hazard  ranges  for 
accidental  explosions  of  torpedo  warheads  aboard  a  submarine  tender.  If 
these  ranges  are  less  than  the  hazard  arcs  specified  by  regulatloni  the 
proscribed  arcs  may  be  reduced  by  the  DDESB. 


BACKGROUND 


Accidental  torpedo  warhead  explosions  aboard  a  submarine  tender  that  may 
pose  serious  external  threats  will  occur  either  in  the  workshop  or  in  the 
magazine  below  the  workshop:  This  portion  of  the  ship  is  Illustrated  In 
Figure  1.  Tests  conducted  under  the  aegis  of  NESIP  (References  1  and  2) 
indicate  that  the  MCE  for  an  explosive  accident  in  either  compartment  can  be 
limited  to  a  single  warhead  by  shielding  and  judicious  weapon  placement. 

These  previous  tests  have  led  to  the  following  conclusions: 

For  a  single  unconflned  warhead  outside  the  ship: 

-  torpedo  propellant  may  burn  vigorously,  but  will  not  detonate  in 
the  tender  accident  scenario 

-  one  psl  slde-on  overpressure  will  be  observed  at  or  inside  the 
500  ft  range 

-  one  hazardous  fragment  per  600  ft^  will  be  found  well  within  the 
500  ft  range. 

For  sympathetic  detonation  of  warheads  In  the  same  compartment: 

-  detonation  of  a  single  warhead  In  the  workshop  will  not  induce 
subsequent  detonations  of  another,  properly  oriented,  warhead  in 
the  workshop,  or  of  warheads  In  the  magazine 

-  mass  detonation  In  the  magazine  will  not  occur  If  the  weapons  are 
spaced,  oriented  and  shielded  properly. 


^Connor,  J.  G.,  Jr.,  "Accidental  Torpedo  Detonation  in  Submarine  Tender 
Workshops,"  19th  Explosive  Safety  Seminar,  Los  Angeles,  CA,  9-11  Sep  1980. 

2 

Connor,  J.  G.,  Jr.,  "Shipboard  Effects  of  Accidental  Torpedo  Warhead 
Detonations,"  NSWC  TR  81-289,  June  1981. 
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The  next  etep  Is  to  aeeess  the  hazards  aasociated  with  detonation  of  a 
single  warhead  Inside  the  workshop  compartment.  One  model  test  has  been 
completed  and  another  la  In  the  process  of  being  analysed.  Both  tests  involved 
lighting  off  a  half  scale  torpedo  warhead  inside  a  half  scale  model  of  the 
workshop  area  of  the  ship.  Structural  debris  collection  and  side-on  pressure 
observations  confirm  the  SOO  ft  hasard  range  implied  by  the  earlier  unconfined 
warhead  tests. 


AS-18  MODEL;  DISCUSSION 


In  the  workshop  a  single  torpedo  warhead  is  normally  located  near  a 
longitudinal  bulkhead  at  one  side  of  the  workshop.  Explosion  of  the  warhead 
will  cause  the  longitudinal  bulkhead  and  the  decks  above  and  below  to  open. 

Hot  explosion  product  gases  then  will  vent  to  the  neighboring  ship  compartments. 
The  longitudinal  bulkhead  on  the  opposite  side  of  the  workshop  is  not  likely 
to  be  ruptured. by  the  shock  front. 

The  hull  plate  aboard  ship  is  not  expected  to  be  perforated,  but  pieces 
may  separate  from  the  (horizontal  and  vertical)  stiffeners  at  the  weld  lines. 

The  Intact  hull  plate  will  confine  the  explosion  gases  and  debris  to  the  ship; 
it  will  also  muffle  the  amplitude  of  the  alrblast  observed  outside  the  ship. 

The  Initial  outward  velocity  Imparted  to  the  hull  plate  by  the  explosion 
shock  has  been  calculated  (Reference  2) .  The  result  of  the  calculation  is  an 
upper  limit  on  the  Initial  velocity  of  the  plate  since  it  was  based  on  the 
assumption  of  an  unimpeded  shock  striking  a  uniform  unreinforced  steel  plate. 
Reflected  shocks  from  the  nearby  decks  and  bulkheads  were  not  Included  in  the 
assumed  load  on  the  hull  plate.  With  these  restrictions,  the  initial  velocity 
of  the  plate  was  estimated  to  be  Just  under  300  ft/sec.  This  velocity  does 
not  give  the  plate  sufficient  kinetic  energy  per  unit  area  to  exceed  the  strain 
energy  required  for  rupture.  Thus,  no  perforation  is  expected  when  the  warhead 
is  detonated  behind  an  Intervening  bulkhead  and  various  items  of  furnishings. 

The  net  permanent  deformation  is  difficult  to  predict  because  of  the  many  weld 
Joints  at  the  decks  and  plate  stiffener  Junctions. 

% 

The  structure  is  modeled  carefully  after  the  ship  on  the  side  closest  to 
the  expected  location  of  the  warhead  -  the  area  of  the  ship  that  can  supply 
material  for  fragments,  and  the  area  through  which  the  shock  front  must  pass. 

The  remainder  of  the  model  simply  represents  the  structural  mass  and  enclosed 
volume  of  the  ship  compartments  that  will  be  opened  up  by  the  blast  front,  and 
into  which  explosion  gases  can  expand.  Structural  details  are  considered  to 
be  unimportant  in  areas  of  the  model  other  than  those  in  the  exit  paths  for 
fragments  and  blast.  Early  time  confinement  approximating  that  supplied  by 
the  stiffened  decks  and  bulkheads  In  the  ship  is  provided  by  earthen  restraints 
along  the  sides,  back  and  over  the  roof  of  the  model. 


AS- 1 8  MODEL;  CONSTRUCTION  DETAILS 


Plan  and  elevation  views  of  the  models  used  for  both  tests  are  shown 
in  Figures  2  and  3.  In  both  cases,  the  portion  of  the  model  facing  the 
fragment  recovery  pad  and  pressure  gage  line  is  modeled  as  closely  as  possible 
from  the  ship  drawings. 
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For  th«  first  test,  the  two  sldos  and  back  (ths  aids  away  from  tha 
racovary  pad)  wars  fomad  by  an  axcavatlon  in  a  pravioualy  undiaturbad 
hillaida  abutting  tha  pad  araa.  Tha  roof  was  galvanitad  ataal  shaata  not 
fastanad  to  tha  supports,  but  coverad  with  about  10  inchaa  of  aarth  ao  that 
it  would  ramain  in  placa  for  a  abort  tima  but  blow  away  aftar  tha  initial 
confinamant.  Each  and  of  tha  hull  plate  waa  anchored  at  two  points  by  ex¬ 
tending  horlsontal  stiffanara  into  pockets  cut  into  the  hillside.  The  top 
of  the  hull  plate  was  not  restrained  while  the  bottom  was  held  back  by 
several  stakes  driven  into  the  ground. 

The  modal  for  tha  second  teat  was  a  replica  of  that  used  on  the  first 
test  as  far  as  internal  volume  and  structural  details  of  the  hull  plate  are 
concerned.  However,  the  two  sides  and  back  were  much  less  tightly  confined 
than  they  were  on  the  first  test.  The  back  consisted  of  steel  plating 
resembling  in  mass  but  not  structural  detail  the  side  facing  the  pad.  The 
sides  were  raatrainad  by  4  ft  of  earth  sandwiched  between  the  steel  model 
walls  and  1  ft  thick  concrete  pads.  The  roof  was  identical  to  that  on  the 
first  model. 

The  construction  changes  on  the  second  test  resulted  from  a  conscious 
effort  to  avoid  the  excessive  confinement  provided  on  the  first  test  by  the 
excavation  walls  in  the  virgin  hillside. 

On  another  series  of  NESIP  tests  (Reference  3)  it  was  found  that  furniture 
inside  the  compartments  close  to  the  exploding  warhead  had  a  significant 
effect  on  fragment  dispersion  and  hull  breakout.  Thus,  each  of  the  present 
models  contained  objects  to  simulate  the  items  normally  found  in  the  torpedo 
workshop.  The  first  test  model  was  less  heavily  loaded  than  was  the  second. 


TEST  RESULTS 

Photographs  of  the  models  before  and  after  each  test  are  shown  in 
Figures  4  and  S. 

First  Test.  The  simulated  hull  plate  was  pulled  loose  from  its  moorings 
and  thrown  300  ft.  It  was  recovered  with  no  penetrations  and  no  evidence  of 
fragment  strikes  on  its  inner  surface.  At  a  point  opposite  the  warhead,  it 
was  bowed  outward  about  3  ft  indicating  that  the  fingers  at  each  end  of  its 
length  had  provided  insufficient  restraint.  The  explosion  pushed  the  center 
portion  out  until  the  fingers  were  no  longer  seated  in  their  pockets  in  the 
hillside.  The  plate  was  then  driven  away  from  the  model;  the  simulated 
furniture  followed.  Most  of  the  structure  and  furniture  fragments  recovered 
from  the  pad  were  found  in  a  circular  segment  15^  on  either  side  of  the  center 
line  of  radius  400  ft  from  the  warhead.  The  density  of  fragments  recovered 
was  less  than  I  in  1200  ft^  at  the  400  ft  radius. 

The  hard,  lava-like  material  of  the  hill  in  which  the  model  was  constructed 
provided  unyielding  reflecting  surfaces  which  enhanced  the  shock  loading  of  the 
hull  plate  and  furniture.  Thus  the  fragments  were  subjected  to  a  sustained 
driving  pulse  which  pushed  them  out  onto  the  recovery  pad  after  the  hull  plate 
had  departed. 

3 

Swisdak,  M.  M.,  Jr.,  "Determination  of  Safe  Handling  Arcs  Around  Nuclear 

Attack  Submarines,"  i9th  Explosives  Safety  Seminar,  Los  Angeles,  CA,  9-11  Sep  1980. 
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This  megaphone  effect  also  enhanced  the  amplitudes  of  the  shock  sensed 
by  the  pressure  gages  on  the  center  line  from  46  to  320  ft  from  the  warhead. 

The  pressure  distance  curve  is  plotted  In  Figure  6  together  with  that  from 
the  second  test.  On  the  first  test*  one  psi  is  observed  at  400  ft  from  the 
1/2  scale  warhead,  corrected  to  aoa  level.  For  a  full  scale  warhead,  one 
psi  would  be  expected  as  far  out  as  800  ft  in  similar  circumstances. 

Second  Teat.  The  simulated  hull  plate  was  anchored  to  two  earth-filled 
steel  boxes  which  were  restrained  by  large  concrete  slabs  as  shown  in  Figure  3. 
The  back  of  the  model  was  unrestrained  -  while  the  first  was  set  into  a  hill. 

As  a  result  of  these  differences,  when  the  warhead  detonated  in  the  second 
model  the  hull  plate  and  its  anchors  moved  forward  a  few  feet  and  tipped  over 
without  parting  any  welds.  No  debris  left  the  model. 

One  psi  overpressure  was  observed  at  200  ft  from  the  warhead  -  corrected 
to  sea  level  conditions.  Thus,  one  psi  from  a  full  scale  warhead  .in  a  full 
scale  ship  at  sea  level  would  be  expected  at  400  ft  from  the  warhead. 

The  motion  of  the  hull  plate  was  monitored  with  Doppler  radar  and  a  high 
speed  camera.  Preliminary  measurements  indicate  that  the  maximum  plate  velocity 
was  10  to  20  ft/sec  about  a  third  of  a  second  after  motion  began.  This  is  much 
less  than  the  prediction  for  an  unstiffened,  unconfined  and  unrestrained  plate. 


DISCUSSION 


It  is  apparent  that  little,  if  any,  debris  will  leave  the  side  of  a 
submarine  tender  following  detonation  of  a  full  scale  warhead  in  its  torpedo 
workshop . 

Earlier  tests  have  shown  that  sympathetic  detonation  among  warheads  in 
the  workshop  and  magazine  is  unlikely  or  can  be  prevented  easily.  The  present 
tests  were  Intended  to  Involve  the  worst  case  of  a  single  warhead  accident: 
a  single  warhead  detonates  accidentally  in  the  torpedo  workshop  near  the  hull. 
Detonation  of  a  single  warhead  in  the  magazine,  since  it  is  further  removed 
from  the  hull  plate,  will  induce  lesser  hazards  outside  the  ship  than  one 
detonated  in  the  workshop. 


CONCLUSIONS 


For  a  single  warhead  detonated  in  the  workshop: 

-  Initial  velocity  of  any  debris  will  be  less  than  25  ft/sec 

-  Any  debris  will  be  confined  to  a  segment  of  radius  400  ft,  15*^  on 
either  side  of  the  normal  to  the  hull  plate 

-  One  psi  from  a  full  scale  warhead  at  sea  level  will  be  observed  at 
400  ft  from  the  warhead. 
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^  EXPLOSION  CONTAINMENT:  PROGRESS, 
SCALING  LAWS,  AND  MATERIAL  PROPERTIES* 


by 


John  J.  White,  III  and  B.  Dale  Trott 
Battelle,  Columbus  Laboratories 
Columbus ,  Ohio 


ABSTRACT 

\ 

The  EattzJttz  Ofidnance.  Tzcknotogy  Section  hcu  been  involved 
(JoA  ieveAoZ  yeau  uiitti  the  development  o^  Navy  (TjU-SeAvice)  technology 
^OA  the  containment  o^  exploAioni  in  portable  ApheAical  chantbeju.  The 
centhal  topic  o^  thU  papeA  conceanA  the  ■room  temperatuae  -teAting  a 
faoAtline  Ateel  vcaacI  axith  22  repetitive  exploAionA  ^rom  4.54  kg  (10  lb} 
chargeA  o^  CompoA-ction  C-4  high  exploAive.  The  cumulative  ploAtic  de¬ 
formation  of  the  Ahell  hoA  been  analyzed  in  the  impulAe  approKimation 
to  give  effective  valuzA  for  the  FroAtline  mechanical  equation  of  Atate. 
Evidence  of  loork  hardening  iA  found.  Scaling  laWA  predicting  the  peak 
eloAtic  reAponAC  of  exploAively  loaded  Apherical  AheZlA  are  compared. 
Recent  literature  on  the  topic  of  exploAion  containment,  including  Soviet 
intercAt,  xa  briefly  reviewed. 

A 


Sponsored,  In  part,  by  the  U.S.  Naval  Explosive  Ordnance  Disposal 
Facility,  Indian  Head,  Maryland,  under  Contract  No.  N00174-76-C-0103. 
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INTRODUCTION 


Portable,  reuseable,  accessible  explosion  containment  chambers 

offer  a  number  of  advantages  to  situations  where  unplanned  or  lnfre~ 

(1  2) 

quent  detonations  should  be  confined.  *  The  unwanted  effects  of 
blast,  fragments,  noise,  and  toxic  materials  released  by  explosions 
can  be  contained  by  proper  design.  Fracture-safe  design  is  a  signi¬ 
ficant  topic  for  all  applications. High  containment  efficiency 
(ratio  of  charge  to  vessel  weight),  which  is  essential  to  portable 

vessels,  leads  to  the  anticipation  of  elastic-plastic  responses  in 
(3  4) 

the  vessel  design.  '  The  type-classified  Mk  634  Mod  0  Explosive 
Devices  Container represents  the  state-of-the-art  in  such  portable 
chambers . 

(2) 

The  principal  application  for  portable  explosion  containment 
technology  concerns  Che  handling  of  terrorist  bcmbs  and  related  devices. 
Safe  transport  of  the  dangerous  item  to  a  preferred  location  for  disposal 
is  desired.  The  need  in  the  civilian  se'ctor  is  for  each  major  population 
center  Co  have  its  own  device.  It  is  important  for  safety  reasons  to 
insure  that  the  most  reliable  design  information  be  disseminated.  Similar 
thoughts  apply  to  explosion  containment  design  for  manufacturing  ammuni¬ 
tion,  demilitarization  of  ammunition,  and  advanced  weapon  development. 

This  paper  documents  a  portion  of  an  evolutionary  development 
program, which  led  to  the  Mk  634  Mod  0  Device.  A  brief  literature 
review  is  made  to  keep  users  of  the  technology  abreast  of  related  acti¬ 
vities.  Scaling  laws  for  the  prediction  of  elastic  responses  in  spheri¬ 
cal  vessels  are  compared  Co  show  their  usefulness  and  status.  A  room 

(Q) 

temperature  explosion  test  series  '  on  a  Frostline  steel  vessel  is 
presented.  Each  4.54  kg  (10  lb)  shot  added  to  the  cumulative  residual 
strain  in  the  vessel  shell.  The  data  is  then  analyzed  in  the  Impulse 
approximation  to  predict  an  effective  mechanical  equation  of  state  for 
Frostline  steel. 
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'  '  f  i  I  'iftfflitirMfrif  irt-rP  *  -  • 


LITERATURE  REVIEW 


As  steady  contributors  to  the  literature  In  the  field  of 
explosion  containment •  we  make  a  practice  of  collecting  and  refer¬ 
encing  relevant  contributions  of  Interest  to  our  colleagues.  To 

save  space,  we  mention  these  contributions  once,  and  refer  our 

fl-9) 

readers  to  previous  papers  containing  other  significant 

references. 

The  student  of  technology  development  will  find  the  Carlson 

report from  19A5  very  Interesting.  His  objective  was  to  analyze 

the  design  and  test  results  for  a  prototype  vessel  called  "Jumbo" 

and  some  tenth-scale  versions  called  "Jumbinos".  The  vessel  "Jumbo" 

was  a  cylinder  capped  by  thinner  gage  hemispheres.  It  was  expected 

to  confine  an  explosion  fro.m  a  two-ton  charge. 

Developments  on  cylindrical  vessels  closely  parallel  efforts 

with  spheres.  M.  C.  de  Malherbe,  et  al.^^^^ performed  a  successful 

analysis  of  a  gas  detonation  wave  propagating  down  the  axis  of  a 

n  2) 

cylinder.  A.  G.  Ivanov  and  coworkers  extended  a  Soviet  Interest 
to  optimize  the  weight  efficiency  of  cylindrical  containment  chambers. 
They  are  using  the  approach  of  multilayer  walls  to  stop  crack  propaga¬ 
tion  and  avert  catastrophic  rupture  of  the  whole  structure.  A.  A. 

(13) 

Buzukov  has  reported  additional  experimental  data  to  confirm  the 

loading  history  and  vibrational  response  of  cylinders  to  line  charges. 

Recent  research  on  spherical  containment  includes  contributions 

(14) 

from  LANL,  BRL,  and  the  Soviets.  D.  C.  Molr  of  LANL  performed  a 
safety  analysis  to  determine  the  capability  of  an  outer  safety  sphere 
to  contain  all  products  of  the  catastrophic  failure  of  an  Inner  confine¬ 
ment  vessel.  This  leads  to  the  challenging  problem  of  the  penetration 
capability  of  a  hemisphere  striking  a  larger  radius  hemisphere  inter¬ 
nally.  T.  R.  Neal^^^^  of  LANL  has  addressed  the  charge  rating  criteria 
for  elastic  responses  of  spherical  shells,  l.e.,  an  equivalent  of  the 
scaling  law  published^^’^*^^^  by  the  present  authors.  The  practical 
Interest  In  this  case  is  to  assure  a  reuseable  confinement  shell. 


(17) 

BRL  '  haa  avaluatad  a  noval  approach  to  epharlcal  contain- 

mant  that  involvaa  off-cantar  datonatlon  of  bara  chargaa.  Tha  ahall 

is  rslatlvaly  thin,  howavar  this  wald  llna  la  haavlly  ralnforcad  with 

thick  internal  and  axtarnal  banda.  Tha  charge  la  rotated  from  the 

port  to  various  positions  off-center  but  within  the  weld  plane.  This 

device  is  one  of  the  Army's  more  effective  suppressive  shield  designs. 

The  use  of  1020  carbon  steal  is  not  attractive  from  a  service  tempara- 

ture/fracture  safety  point  of  vlev.^^^  The  application  is  not  stated. 

but  a  manufacturing  process  appears  to  be  a  good  candidate.  Battelle 

(8) 

published  pipe  bomb  containment  results'^  ''  for  a  similar  sized  vessel 
in  1978. 

(18-21) 

T.  A.  Duffey  and  coworkers  have  been  active  in  extending 

the  theory  of  spherical  explosion  containment.  They  have  considered 
the  case  of  a  thin  shell  surrounded  by  an  infinite  elastic  medium,  e.g.. 

/lO  IQN 

a  vessel  burled  in  concrete  or  sandstone.'  '  '  Some  earlier  calcula¬ 

tions  on  blast  loading  and  free  shell  response  were  presented 
at  the  ASME  Pressure  Vessel  and  Piping  Division  Conference  In  Orlando, 
June  27-July  1,  1982.  ** 

The  recent  Soviet  work  on  spherical  vessels  has  concentrated  on 

strength  scale  effects  in  water-filled  shells  and  on  the  correct  dynamic 

(22) 

loading  of  an  air-filled  shell.  Ivanov,  et  al.  conclude  that  the 

easier  failure  of  scaled-up,  water-filled  vessels  is  not  explainable  in 

(23) 

terms  of  strain  rate  effects.  The  calculations  by  Zhdan  and  also 

the  LANL  group raise  the  Interesting  question  of  resonant  loading 

effects  due  to  periodic  pressure  pulsations  within  the  vessel.  The 

Impulse  appears  to  be  Increased  for  distances  less  than  10  charge 

(13) 

radii.  The  data  of  Buzukov  on  pulsations  in  cylinders  is  consis¬ 
tent  with  this  line  of  investigation. 

Some  new  information  of  equipment  and  facilities  may  be  of 

interest.  The  FBI  Total  Containment  Bomb  Trailer is  one  of  many 

(24) 

interesting  devices  displayed  in  the  recent  book  by  Michael  Dewar. 
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Th«  vassal  and  trailar  vara  davalopad  by  Plctanny  Arsansl  with  ths 

tachnical  support  of  tha  Battalia  Ordnanco  Group.  Individuals 

Intarastad  in  parmanant  tast  facilitiaa  isay  wish  to  consult  NSWC  TK 

(7.5) 

3891  to  laam  about  tha  Dahlgran  blast  confinament  chambar.  ' 
Similarly,  Battalia  la  axpandlng  Its  capabilltlas  by  building  a  naw 
tarminal  ballistics  facility.  Laboratorias  wishing  to  study  small- 
seals  axploslons  may  want  to  consldar  a  Fika  20  Litar  Test  Sphere.  ' 
Tha  cost  par  pound  of  explosive  contained  may  be  rather  high.  A 
rather  exceptional  contribution  on  the  topic  of  dust  explosions  and 

4 

their  control  is  the  new  English-language  version  of  the  book  by 
W.  Bartknecht.^^^^ 

SCALING  LAW  FOR  ELASTIC  RESPONSE 


We  recently  published  s  useful  scaling  law^^*^^^  for  quickly 
predicting  the  peak  first-cycle  response  of  an  elastic  spherical 
shell  loaded  by  the  explosion  of  a  centered,  bare,  spherical  charge. 
The  results  for  a  given  vessel  material  may  be  expressed  in  the  form 


max 


Kj^R 


-1.293  -1.026  „  0.772 
h  M 


(1) 


where  e  is  the  peak  strain,  K  is  a  constant,  h  is  the  shell  thick 
max 

ness,  R  is  the  shell  radius,  and  M  is  the  explosive  mass.  In  the 
Impulse  approximation,  Eq.  (1)  becomes 


c 

max 


(2) 


(3 

The  calculation  of  these  equations  involved  computer  rune  of  SPLAS 
for  a  wide  range  of  shell  designs,  shell  materials,  explosive  charge 
weights,  and  peak  stresses.  The  vessel  was  filled  with  air  at  STP. 
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Eqa,  (1)  and  (2)  can  ba  eoaparad  with  tha  axparlmantal  findings 
of  Naal, whoaa  raaults  nay  ba  written 


.  .  V  a  -1.883  w  -1.000  „  0.961 

*«ax  ■  *^3®  ”  " 


(3) 


Eq,  (3)  is  apacific  to  9  shots  on  staal  vaaaals  with  4  valuta  of  tha 

air  density  in  tha  vassal.  Tha  discrapancias  among  tha  exponents  of 

(20  23) 

R  and  M  need  to  ba  raaolvad  through  further  research.  *  ' 

These  aquations  also  offer  tha  opportunity  to  ask  what  effect 
tha  shall  radius  to  thickness  ratio,  R/h,  has  on  vassal  performance. 
Tha  answer  is  most  easily  answered  in  terms  of  tha  specific  contain¬ 
ment  ratio,  M/M^,  where  is  tha  thin  shall  mass.  Eqa.  (1-3)  can  ba 
rewritten  and  closely  approximated  by 


c 


max 


and 


max 


e  ■ 

max 

respectively,  where  C 
can  be  written  as 

M 

■ 

M 

and 

M 

v 

M 


(» Y 

.772 

9 

(4) 

(5) 

C3  (4)“'"’ 

(4)“ 

v 

.961 

► 

(6) 

is  a  constant. 

Alternatively, 

these  equations 

V  ®max  / 

w 

1  0.326 

9 

(7) 

/C^  y.80 

w 

0.25 

1. 

(8) 

/Cj  y.0406 
\®max  / 

w 

1  0.0406 

a 

(9) 
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If  M  and  c  ara  apaclfiad,  tha  BCL  rasulta  axpraaaad  by 
Eq.  (7)  atataa  that  25. 4X  oora  matal  la  naadad  if  R/h  la  doublad. 
Thus  thlckar  shalla  of far  aona  advantaga  ovar  thlnar  ahalls  of  tha 
aama  maaa.  Tha  LANL  raault  axpraaaad  by  Eq.  (9)  atataa  that  only 
2.9X  nora  matal  la  raqulrad  If  R/h  is  doublad.  Thia  comparlaon 
clarlflaa  tha  incantlva  for  obtaining  batter  knowledge  of  the 
scaling  law  axponanta. 


EXPERIMENTAL  MULTIPURPOSE  BLAST  CONTAINMENT  CHAMBER 

Our  recent  publications on  explosion  containment  have 

emphasized  materials  performance  at  low  service  temperatures  and  also 

scaling  laws  for  vessels  having  an  elastic  response.  This  section 

{3  4  7  8 ) 

returns  to  a  previous  topic,  *  *  *  namely  the  elastic-plastic 

response  of  a  spherical  vessel  to  repetitive  explosion  tests, 

(9) 

The  multipurpose  blast  containment  chambers  discussed  below 
were  intended  to  meet  the  following  objectives; 


e  Completely  contain  the  blast  from  4.54  kg  (10  lb) 
of  TNT  detonated  centrally  within  the  chamber. 
Repeat  at  least  7  times. 

e  Reduce  blast  overpressures  outside  of  the  vessel 
at  a  1.S2  m  (5  ft)  radius  to  not  over  27.6  kPa 
(4  psl). 

e  The  chamber  should  be  on  a  support  cradle  to 
facilitate  transport  In  trucks  or  on  trailers. 

s  The  access  port  should  be  large  enough  to  accom¬ 
modate  the  passage  of  an  attache  case  whose 
dimensions  are  0.305  x  0.432  x  0.089  m  (12  x  17  x 
3-1/2  In.)  In  a  random  orientation. 

s  The  total  weight  of  the  chamber  and  cradle  should 
not  exceed  approximately  953  kg  (2100  lb). 

•  Perform  the  blast  containment  role  down  to  a 
temperature  of  -34.4  C  (-30  F) . 
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Difficulties  meeting  the  last  objective  using  Frostline*  steel  were 

vividly  illustrated  in  our  paper  at  the  Nineteenth  Explosives 

Safety  Seminar. The  first  five  objectives  were  successfully  met, 
(9) 

and  it  is  the  data  obtained  to  satisfy  the  first  objective  that 
is  reported  and  analysed  below.  The  explosive  charge  and  vessel 
weight  constraints  implied  an  elastic-plastic  response  by  the  vessel 
material. 


Chamber  Design 

The  diameter  of  the  chamber  was  selected  on  the  basis  of  the 
minimum  diameter  chamber  which  could  incorporate  a  port  of  at  least 
0.536  m  (21.1  in.)  in  diameter  to  pass  the  attache  case  as  required 
by  the  objectives.  Our  experience^  *  hed  shown  that  port  diameters 
equal  to  the  radius  of  a  spherical  chamber  performed  satisfactorily, 
hence  a  sphere  diameter  near  1.07  m  (42  in.)  was  selected. 

The  wall  thickness  of  the  chamber  was  selected  on  the  basis 

(4) 

of  iterative  design  calculations  of  the  weight  of  the  reinforcing 
ring,  door,  cradle,  and  chamber  Itself  to  obtain  a  gross  weight  of 
chamber  and  cradle  as  near  953  kg  (2100  lb)  as  possible.  These  calcu¬ 
lations  indicated  a  desired  average  wall  thickness  near  0.0229  m 
(0.900  in.).  This  led  to  ordering  the  rolled  gage  of  plate  to  be 
hot-pressed  in  hemispherical  shells  at  0.0245  m  (0.970  in.)  with 
instructions  to  hold  overweight  down. 

It  was  found  by  ultrasonic  measurements  that  the  average  thick¬ 
ness  of  seven  hemispherical  heads  at  the  pole  was  0.8576  Inches,  indica¬ 
ting  an  average  thickening  of  0.044  inches  from  the  minimum  to  the  pole. 

The  average  wall  thickness  of  the  vessel  was  calculated  under 
the  assumption  that  the  heads  have  circular  symmetry  about  their  pole 
points,  and  each  set  of  measurements  at  a  given  polar  angle  was  weighted 
accordingly.  The  selected  wall  thickness  led  to  an  actual  total  vessel 
weight  including  cradle  of  the  first  vessel  of  976  ±  11  kg  (2150  ±  25  lb), 
within  2.4  percent  of  design  objective. 

A 

Trade-name  of  Lukens  Steel  Company 
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Tho  Ratttlle  method  for  designing  the  door  reinforcing  ring 
was  employed.  This  approach  has  an  excellent  service  record.  Further 
details  are  given  elsewhere.  * 

f4) 

The  previously  used  door  design  criteria  employed  n  flat  disc 
door  whose  thickness  was  established  on  the  basis  of  static,  elastic 
stress  formulas,  such  that  the  maximum  stress  In  the  door  would  equal 
that  In  the  spherical  vessel.  Examination  of  the  door  performance 
realized using  this  criteria  showed  that  no  measvirable  distortion 
of  the  doors  occurred,  even  for  vessels  which  suffered  catastrophic 
failure.  An  opportunity  to  reduce  the  vessel  weight  with  no  sacrifice 
of  performance  was  recognized. 

It  Is  known  from  various  stress  analyses that  .the  door 
stresses  will  be  largest  In  the  center,  and  gradually  decrease  toward 
the  edges  of  the  circular  door.  Hence,  material  was  removed  from  the 

outer  edges  of  the  door.  The  central  1/3  of  the  door  was  left  flat 
(4) 

near  the  design  thickness.  The  thickness  of  the  outer  edge  was 
reduced  by  a  factor  of  two.  Thus,  the  back  half-thickness  of  the 
door  was  converted  from  a  right-circular  disc  to  a  frustum  of  a  cone. 
This  weight  reduction  amounted  to  47  kg  (103.5  lb)  and  resulted  in 
satisfactory  performance  of  the  door. 

The  door  operating  mechanism  selected  for  use  in  these  chambers 
was  suggested  by  B.  S.  W.  Poe  of  the  Naval  Explosive  Ordnance  Disposal 
Facility  (NEODF) ,  Indian  Head,  Maryland  and  tested  for  operational 
feasibility  in  an  approximately  full-scale  mock-up  at  NEODF.  It  con¬ 
sists  of  a  12  VDC-powered  electric  winch  mounted  on  a  plate  attached 
to  the  outside  top  of  the  reinforcing  ring.  The  winch  lifts  the  door 
from  a  rest  position  near  the  bottom  of  the  chamber  up  to  the  fully 
closed  position  by  a  steel  cable  attached  to  the  outer  face  of  the  door. 
The  door  Is  not  otherwise  attached  to  the  chamber.  This  door  operating 
design  Is  shown  schematically  in  Figure  1  with  the  door  shown  both  open 
(dotted),  closed,  and  secured  by  the  auxiliary  support  spider. 


Door  eloood  with  support 
spldsr 


Door  open  position  with  slack 
in  cable  to  clear  port 


FIGURE  1.  SCHEMATIC  VIEW  OF  CHAMBER 
SHOWING  DOOR  OPERATING 
MECHANISM 
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Observation  of  the  operation  cycle  of  the  door  on  the  scale 
mock-up  showed  that  only  small,  strong  guides  located  ac  either  side 
of  the  door  along  Its  horizontal  centerline  are  needed  to  guide  the 
door  into  its  final  centered  position  and  keep  it  there.  The  guides 
chosen  were  3/4  in.  wide,  1  in.  high,  and  2  in.  long.  Analysis  of 
the  geometry  of  door  lift  in  the  vessel  showed  that  efficient  lifting 
action  is  obtained  where  the  five-inch  thickness  of  the  reinforcing 
ring  is  considered,  if  the  cable  is  attached  2  in.  above  the  door 
centerline. 

To  provide  positive  support  for  the  chamber  door  in  the  fully 
closed  position  during  road  travel,  an  auxiliary  support  mechanism  was 
constructed.  The  mechanism  consisted  of  a  five-legged  spider  fabricated 
from  6061  T-6  aluminum  alloy  with  a  captive  central  0.0254  m  (1  in.) 
diameter  bolt.  The  spider  legs  were  machined  to  fit  inside  the  rein¬ 
forcing  ring  to  provide  positive  centering  and  overlap  the  outside  to 
provide  positive  closure.  The  central  bolt  attached  to  the  door  via  a 
nut  welded  to  the  center  outside  face  of  the  door.  The  bolt  was  tight¬ 
ened  via  a  handwheel  attached  to  the  outer  end  of  the  bolt. 

Materials  Selection  and  Properties 

The  introduction  of  the  blast  containment  service  temperature 

requirement  of  -34.4  C  (-30  F)  led  to  a  program  to  evaluate  the  effective- 

(1  29) 

ness  of  available  materials.  ’  This  resulted  in  a  search  for  a  vessel 
steel  that  could  be  hot  pressed  into  a  hemisphere,  has  a  modest  cost, 
and  has  adequate  low  temperature  fracture  properties.  A  special  heat  of 
modified  Frostline  material  was  selected  for  the  present  application. 

Frostline  steel  is  quite  similar  to  the  A-537  material  used 
successfully  in  previous  vessel  programs. Frostline  has  a  small 
columblum  (niobium)  addition,  which  resulted  together  with  special 
rolling  practice  in  fine  grain  in  the  range  of  ASM  grain  sizes  12-14. 

The  modified  Frostline  contains  a  calcium  addition  to  control  sulphide 
shapes  to  a  nodular  form,  thus  giving  increased  toughness.  The  cost  of 
this  material  is  comparable  to  that  of  A-537  material. 
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The  Charpy  V-notch  energies  of  separately  heat-treated 
Frostline  at  -59  C  (-75  F)  ranged  from  79  to  262  J  (58  to  193  f t-lb)  , 
suggesting  good  fracture  resistance  at  the  specified  service  tempera¬ 
ture  of  -34  C  (-30  F).  Fracture-safe  design  practice  suggests  tLat  the 
nil  ductility  transition  temperature  (NDT)  for  steels  should  be  120  F 
(67  C)  below  the  operating  temperature,  however  since  successes  with 
only  60  F  (33  C)  are  reported.  Unfortunately,  the  Charpy  test  data 
is  not  always  sufficient  to  evaluate  the  NDT,  and  drop  weight  or 
dynamic  tear  test  data  must  be  used. 

Difficulties  with  the  fracture  toughness  of  Frostline  at  -34.4  C 
(-30  F)  developed  when  dynamic  tear  tests  were  made  as  part  of  the  base 
metal  and  welding  qualification  procedures.  Reheat  treating  of  test 
pieces  gave  successful  fracture  properties,  but  the  full  thickness 

material  did  not  respond  adequately. 

(1  28) 

As  reported  previously,'  ’  explosion  bulge  and  full  scale 
vessel  tests  confirmed  that  the  modified  Frostline  material  was  not 
adequate  to  meet  the  low  service  temperature  blast  containment  require¬ 
ment.  A  vessel  was  successfully  tested  at  -6.5  C  (20  F).  HY-80 

material  has  subsequently  been  shown  to  completely  satisfy  the  material 
requirements  for  this  application. 

The  rings  and  doors  of  the  present  vessels  would  also  have  been 
fabricated  from  Frostline  material.  However,  none  of  this  material  was 
available  In  the  required  thicknesses.  The  more  costly,  alternate  alloy, 
HY-80  was  selected  based  on  its  confirmed  superior  low  temperature  pro¬ 
perties,  and  availability  In  the  required  thickness. 

Explosion  Testing  At  Room  Temperature 

Figures  2  and  3  give  front  and  side  views  of  a  vessel  fabricated 
from  Frostline  steel.  It  Is  107  cm  (3.5  ft)  in  diameter,  has  a  2.29  cm 
(0.90  In.)  wall-thicknees ,  weighs  998  kg  (2,200  lbs)  with  aluminum 
cradle,  and  has  a  55.3-cm  (21. 75-ln. )-dlameter  access  port  with  a 

circular  door.  Figures  4  and  5  show  the  explosive  charge  positioning 
system  in  the  extended  and  retracted  positions.  Figure  6  gives  a  good 

530 


i 


FIGURE  6.  FRONT  VIEW  OF  THE  FIRST  FROSTLINE 

EXPLOSION  CONTAINMENT  VESSEL  DURING 
THE  TEST  SERIES.  THE  WINCH,  CABLE, 
AND  ALUMINUM  SPIDER  SHOULD  BE  NOTED. 


FIGURE  7.  REAR  VIEW  OF  THE  FIRST  FROSTLINE 

EXPLOSION  CONTAINMENT  VESSEL  AFTER 
SHOT  NO.  23.  SLIGHT  DIMPLES  MAY  BE 
OBSERVED  SLIGHTLY  BELOW  THE  LIFTING 
EYEBOLTS. 


view  of  the  aluminum  spider,  while  Figure  7  Indicates  a  slight 
dimpling  effect  after  many  tests  that  la  characteristic  of  mass 
asymmetries. 

An  explosion  testing  series  of  23  shots  was  carried  out  on 
the  first  of  these  vessels  fabricated.  The  tests  were  conducted  In 
the  summertime  Inside  a  reinforced  concrete  test  building.  Thus  the 
vessel  temperature  Just  prior  to  the  explosion  was  at  least  15.6  C 
(60  F)  In  every  test  completed. 

The  accumulated  residual  strain  In  the  vessel  material  was 
determined  by  means  of  measurements  between  fiducial  marks  making  up 
18  gage  lengths.  The  marks  were  placed  on  three  orthogonal  great 
circles  so  that  the  average  response  would  closely  approximate  that  of 
a  simple  spherical  shell  loaded  by  the  explosion  of  centrally-positioned, 
spherical  explosive  charges. 

(9) 

Table  1  gives  the  average  residual  strain  determined  for  23 
shots  employing  a  centrally-positioned,  spherical  charge  of  Composition 
C-4  high  explosive.  The  first  22  shots  used  4.54  kg  (10  lbs)  charges, 

and  the  23rd  shot  used  9.09  kg  (20  lbs)  of  explosive. 

(9) 

Figure  8  gives  a  plot  of  the  accumulated  average  residual 
strain  for  the  first  22  shots  versus  shot  number.  The  downward  curva¬ 
ture  Indicates  a  work  hardening  effect.  The  average  Incremental  increase 
was  0.045  percent  per  shot.  Indicating  that  the  vessel  would  likely 
contain  100  or  more  shots  with  4.54  kg  (10  lbs)  of  C-4  explosive.  It 

(4) 

is  known  that  large  amplitude  flexural  vibrations  occur  near  the  pole, 
which  could  lead  to  fatigue  problems  with  high  usage.  Further  work  is 
required  to  fully  evaluate  large  numbers  of  usages.  Service  use  based 
on  metropolitlan  police  experience  suggests  that  high  numbers  of  usages 
will  not  be  required  In  the  EOD  role.  In  any  event,  the  principal  blast 
containment  objective  was  easily  met  at  room  temperature. 

It  is  truly  shocking  to  compare  these  results  with  the  first  test 

at  -34.4  C  (-30  F)  on  the  second  Frostline  vessel  using  4.54  kg  (10  lbs) 
(1  2  9) 

of  explosive.  ’  ’  In  this  case,  the  vessel  failed  by  brittle  fracture 
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TABLE  1.  ACCUMULATED  AND  INCREMENTAL  AVERAGE  RESIDUAL  STRAIN 
FROM  EXPLOSION  TESTING  OP  THE  FIRST  FROSTLINE  VESSEL 
AT  ROOM  TEMPERATURE. 


Shot  No. 

Explosive  Charge, 

Iba 

Accumulated  Strain, 
Percent 

Incremental  Strain 
Percent 

1 

10 

0.086 

0.086 

2 

10 

0.166 

0.080 

3 

10 

0.242 

0.076 

4 

10 

0.307 

0.065 

5 

10 

0.360 

0.053 

6 

10 

0.392 

0.032 

7 

10 

0.471 

0.079 

8 

10 

0.499 

0.028 

9 

10 

0.548 

0.049 

10 

10 

0.572 

0.024 

11 

10 

0.620 

0.048 

12 

10 

0.631 

0.011 

13 

10 

0.684 

0.053 

14 

10 

0.716 

0.032 

15 

10 

0.752 

0.036 

16 

10 

0.808 

0.056 

17 

10 

0.832 

0.024 

18 

10 

0.854 

0.022 

19 

10 

0.899 

0.045 

20 

10 

0.909 

0.010 

21 

10 

0.944 

0.035 

22 

10 

0.994 

0.050 

23 

20 

1.674 

0.680 
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«t  txpactcd,  icattaring  placet  about  tha  eaat  aita.  Potantlal  uaart 
of  blaat  containmant  vaaaala  who  hava  no  axparianca  with  nll-ductlllty 
transition  tamparaturaa  ara  urged  to  read  Rafaranca  28. 

Tha  large  deformation  of  0.68X  atraln  caused  by  tha  9.08  kg 
(20  lb)  shot  should  be  noted.  Tha  shot  deposited  more  than  3  tlmaa 
tha  amount  of  energy  from  a  A. 54  kg  (10  lb)  shot.  A  larga  fraction 
of  tha  energy  Is  absorbed  elastically  with  the  4.54  kg  (10  lb)  shots. 
Thus  the  Incremental  deformation  Is  small.  The  elastic  energy  absorp¬ 
tion  Is  unchanged  with  the  9.08  kg  (20  lb)  shot,  thus  requiring  a 

(3) 

relatively  larger  amount  of  plastic  flow  to  achieve  containment. 

MECHANICAL  EQUATION  OF  STATE  ANALYSIS 

A  preliminary  analysis  has  been  made  of  the  date  in  Table  1  and 
Figure  8  to  determine  an  effective  mechanical  equation  of  state  (EMES) 
for  Frostline  steel.  The  immediate  application  of  the  EMES  would  be 
the  prediction  of  the  elastic-plastic  responses  of  Frostline  vessels 
with  differing  radii  R,  thicknesses  h,  and/or  explosive  charges  M. 

Model  Description 

The  major  assumptions  of  this  analysis  were: 

e  The  Impulse  approximation  can  be  meaningfully  applied. 

e  Strain  rate  effects  can  be  estimated  using  an  effective 
yield  and  flow  stress. 

e  Loading  can  be  estimated  using  the  reflected  Impulse 
data  of  Goodman. 

The  Impulse  approximation  overestimates  the  peak  vessel  response  by 

15-30!!!.  Thus  the  yield  strength  estimated  will  be  too  high  by  a 

significant  amount.  This  means  that  the  EMES  should  only  be  used  In 

vessel  response  predictions  using  the  Impulse  approximation.  The 

(32) 

strain  rate  assumption  has  been  used  by  Baker  and  many  others  to 
obtain  useful  solutions  with  minumum  effort.  The  method  Implies 
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•rrora  of  10>20  ksl  in  ylald  atvaatas  If  the  loading  atrain  rataa  of 
two  vaaaala  differ  by  an  order  of  nagnituda.  Alao,  aa  noted  pravioualy, 
it  would  appear  that  corractiona  to  the  raflactad  impulse  of  Goodman 
should  be  made  at  distances  less  than  10  charge  radii. 

The  stre88'>strain  amdel  assumed  here  (see  Figure  9}  Includes  a 
linear  elastic  segment  up  to  a  yield  stress  Oy.  The  plastic  flow  stress 
is  represented  by  a  linear  segment  with  a  small  positive  slope  S  to 
account  for  work  hardening.  The  material  unloads  elastically  and  returns 
after  damping  to  the  residual  atrain  state  c^.  If  the  work  hardening 
coefficient  S  changes  as  increases,  then  a  cusp  is  created  by  continu¬ 
ing  the  loading  curve  at  some  point  with  another  linear  segment,  llils 
type  of  loading  curve  is  called  a  linear  spline  in  mathematics,  and  the 
cusp  points  are  called  knots. 


Mathematical  Method 
(3) 

In  the  impulse  approximation  ,  the  shell  acquires  a  jump  in 
radial  velocity  in  a  time  short  compared  with  the  natural  response 
time.  Momentum  is  conserved  by  writing 


I  “  ph  V  , 
r  o 


(10) 


where  is  the  reflected  shock  wave  pressure  impulse,  p  is  the  shell 

density,  h  is  the  shell  thickness,  and  V  is  the  initial  radial  velocity. 

o 

The  kinetic  energy  imparted  by  the  explosive  per  unit  volume  of  the 
shell  Is 


U  “ 


(11) 


For  each  explosive  shot  the  area  under  the  stress-strain  curve  out  to  the 

unloading  point  must  equal  11/2,  allowing  for  the  biaxial  strain.  The 

(31) 

impulse  I^  depends  on  both  the  charge  size  and  the  vessel  radius. 
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When  the  nth  ehot  la  fired,  the  vessel  has  the  accumulated 
residual  strain  t  .  and  a  atresa  of  sero.  The  mechanical  state 

Tin*! 

of  the  material  proceeds  to  the  yield  point  (e^  ^)t  then  across 

the  flow  curve  to  the  unloading  point  (e^  cr^  n+1^’  ***** 

down  to  the  new  accumulated  strain  e  .  Energy  Is  conserved  using 

r,n 

the  relation 


7  (c 
y.n  y,n 


‘  ®r,n-l^ 


(12) 


(2  o, 


yin 


+  s 


^®y,n+l  "®y,n^^^'^y,n+l 


-e  ) . 
yio 


Eq.  (1^)  Is  a  quadratic  equation  for  the  new  unloading  strain 
It  Is  then  possible  to  calculate 


(13) 


and  finally 

S.n  ■  S,n+1  -Oy.n-H'''.  (1‘) 

where  E*  «  E/(l  -  v)  is  the  effective  elastic  modulus  of  the  shell. 

Computer  Analysis 

A  computer  program  BILIN  was  written  to  perform  a  brute-force 
least  squares  fit  of  the  predicted  values  of  from  Eq.  (14)  to  the 
data  given  In  Table  1  and  Figure  8.  The  unknowns  were  the  Initial 
dynamic  yield  stress  and  the  slopes  Sj^,  S^,  etc.  of  the  flow  curve. 

The  cusp  points  (knots)  were  only  locally  fixed  by  specifying  their 
occurrence  at  a  selected  unloading  point. 

Table  2  describes  the  qualitative  aspects  of  six  model  fit  proce¬ 
dures  used  to  Investigate  the  EMES  of  Frostline  steel  that  can  explain 
the  residual  strain  data.  A  global  fit  means  that  all  unknown  parameters 
were  determined  simultaneously.  A  sequential  fit  means  that  an  additional 
spline  segment  was  added  on  after  a  calculation  for  so  many  shots  was 
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completed.  The  sequential  method  was  abandoned  when  the  fifth  pro¬ 
cedure  D-S  gave  a  non-physical  (negative)  value  of  a  slope. 

Table  3  gives  the  quantitative  results  from  the  six  procedures. 
Case  A-6  Is  an  elas  Ic-perfectly  plastic  model  that  yields  a  straight 
line  on  Figure  8  due  to  the  fact  that  all  22  shots  used  4.54  kg  (10  lb) 
of  explosive.  Case  B-G  is  the  usual  elastic-plastic  model  with  a 
single  plastic  segment.  This  model  introduced  curvature  (due  to  work 
hardening)  and  the  fit  greatly  Improved. 

Cases  C-S  and  C-G  had  two  plastic  segments  with  a  knot  after  the 
ninth  shot.  The  fits  are  excellent  because  the  first  slope  accounts 
for  the  initial  curvature  and  the  smaller  second  slope  accounts  for 
the  later  linear  portion  of  the  data. 

Cases  D-S  and  D-G  had  three  plastic  segments  with  knots  after 
the  fifth  and  twelveth  shots.  Case  D-S  turned  out  badly,  because  the 
error  distribution  in  Shots  7-12  caused  S2  to  be  larger  than  Sj^.  This 
anomaly  led  to  a  negative  value  of  which  is  not  physically  accept¬ 
able  for  1%  total  residual  strain.  Case  D-G  demonstrates  the  advantage 
of  global  fitting.  The  fit  is  not  superior  to  Case  C-G,  presumably 
because  the  knot  positions  were  not  optimized. 

Cases  C-G  and  D-G  are  considered  the  results  best  describing  the 
EMES  for  Frostline  steel.  The  finding  that  the  initial  dynamic  yield 
stress  Oy  is  111  ksl  Is  consistent  with  past  experience^^’^*®’^^^  using 
Case  B-G  in  program  SPLAS  for  such  steels  as  A-537  and  HY-80.  The 
static  tensile  yield  strength  of  this  Frostline  steel  was  60  ksl  with  an 
ultimate  tensile  strength  of  80  ksl.  Due  to  the  nature  of  the  impulse 
approximation,  the  correct  dynamic  Initial  yield  strength  for  this  data 
is  probably  90  ksl.  Thus  the  material  appears  to  have  a  50%  increase 
in  yield  strength  due  to  the  strain  rate. 

(33) 

Referring  to  the  analysis  by  Duffey,  we  estimate  that  mild 
state  doubles  in  yield  strength  for  a  strain  rate  of  40.4  sec  For 
the  Impulse  approximation  used  here,  the  initial  strain  rate  for  the 
4.54  kg  (10  lb)  shots  was  56.5  sec  The  50%  increase  in  dynamic 
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yield  strength  over  static  yield  strength  Is  thus  quite  reasonable 
If  the  analogy  with  mild  steel  Is  accepted. 

SUMMARY 

A  progress  report  has  been  given  on  portable,  spherical  ex¬ 
plosion  containment  vessels.  Experimental  data  on  the  elastic- 
plastic  response  of  a  Frostllne  steel  vessel  has  been  given.  It 
has  been  shown  that  a  two  plastic  segment  mechanical  equation  of 
state  for  the  Frostllne  material  can  accurately  account  for  the 
observations.  The  Initial  dynamic  yield  strength  deduced  is  physi¬ 
cally  resonable.  Recent  efforts  by  other  research  groups  have  been 
reviewed.  The  problem  with  scaling  laws  for  elastic  response  and 
the  possible  problem  of  predicting  the  correct  explosive  loading  on 
vessels  have  been  Introduced. 
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ABSTRACT 

V 

In  this  paper,  we  present  the  ideas  and  methods  used  in  the  concept  development 
of  a  detonation  chamber  for  use  in  an  ordnance  disposal  facility.  Unstable, 
outdated  munitions  would  be  intentionally  detonated  in  the  chamber.  The  cham¬ 
ber  had  three  important  design  criteria:  1)  it  should  not  allow  missile  or  ex¬ 
plosive  products  to  escape  to  the  environment,  2)  it  should  operate  on  a  23- 
mlnute  cycle  (from  disposal  detonation  to  detonation) ,  and  3)  it  should  contain 
detonations  involving  up  to  100  lb  of  TNT  equivalent  energy.  To  satisfy  the 
environmental  demands,  simple  disposal  methods  such  as  detonating  the  ordnance 
in  the  open  are  eliminated.  An  inventory  of  ordnance  types  intended  for  dis- 


reinforced 

concrete  and  steel  construction.  Structural  types  included  suppressive  shield 
designs,  cubicals,  I-beam  frames  with  curved  membrane  panels  (steel  only), 
spherical  shells  (steel  only)  cylindrical  shells,  and  water  tank  designs.  Of 
the  various  chamber  concepts  evaluated,  four  were  selected  for  final  evaluation. 
They  were,  1)  a  cylindrical  concrete  water  tank  with  steel  dome  above,  2)  a  cylin 
drical  concrete  water  tank  with  concrete  dome  above,  3)  a  steel  cylinder  with 
ellipsoidal  end  caps  and  internal  I-beam/angle  fragment  shield,  and  4)  a  concrete 
cylinder  with  flat  end  caps  and  an  internal  I-beam/ angle  fragment  shield. 

Based  on  the  evaluation  of  the  four  concepts,  either  of  the  first  two  (water 
tanks)  was  recommended  as  the  preferred  choice. 


posal  was  reviewed  to  define  the  "worst  case"  fragment  hazard. 

Various  concepts  were  evaluated  to  resist  blast  loads,  including  both 
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1.  INTRODUCTION 


In  1979  Southwest  Reseerch  Institute  (SwRI)  performed  analyses  to  design 
a  detonation  chamber  for  use  In  demilitarizing  outdated  munitions.  This  study 
by  SwRI  was  but  one  part  of  a  facility  study  prepared  by  Travls-Braun  and 
.Associates,  Inc.,  in  Joint  venture  with  Splawn-Munir  and  Associates,  Inc.  SwRI 
was  subcontractor  co  the  Architect-Engineer.  The  purpose  of  this  facility 
being  planned  is  to  dispose  of  outmoded  ammunition  and  contaminated  waste 
products  for  Red  River  Army  Depot,  with  the  capability  of  disposing  of  some 
munitions  from  other  military  facilities.  The  disposal  facility  is  intended 
for  siting  at  the  Red  River  Army  Depot.  The  Ammunition  facility  study  was 
prepared  for  the  Fort  Worth  District,  Corps  of  Engineers. 

The  entire  facility  concept  includes  Che  use  of  a  fluidized-bed  reactor 
complex,  a  decontamination  oven,  grinder  areas,  slurry  house,  shearing/sawing/ 
shredding  areas,  and  Che  detonation  chambers.  All  disposal  systems  were  re¬ 
quired  Co  meet  Che  then  existing  Environmental  Protection  Agency  criteria.  A 
more  in-depth  discussion  of  the  entire  facility  concept  is  provided  in  Refer¬ 
ences  1  and  2. 

As  mentioned,  the  scope  of  the  work  described  in  this  paper  Included  only 
Che  concept  development  of  the  detonation  chamber.  Items  intended  for  disposal 
in  Che  chamber  were  deemed  as  unstable  or  unsafe  for  mechanical  demll  by  the 
other  processes.  The  detail  process  planned  for  the  chamber  was  Che  intentional 
detonation  of  items  with  complete  containment  required.  It  is  stressed  that 
Che  scope  of  work  under  this  study  by  SwRI  was  concept  development  only,  and 
the  resulting  designs  are  not  final  designs. 
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II.  DESIGN  CONSTRAINTS 

The  detonation  chamber  concepts  were  determined  with  several  restric¬ 
tions.  These  Included: 

1)  A  design  value  of  100  lb  of  TNT  equivalent  explosive  energy  as 
a  maximum  for  any  one  firing, 

2)  Total  containment, 

3)  Explosive  products  scrubbed  or  filtered  before  release, 

4)  Reusable  for  numerous  firings  over  a  10-year  period, 

5)  A  23-mlnute  cycle  time  between  firings, 

6)  Use  with  a  wide  variety  of  munitions  Including  fragmenting 
rounds , ' and 

7}  A  safety  factor  of  four  applied  to  the  yield  stress  of  struc¬ 
tural  steel  or  rebar. 


Ill.  AIIALYSIS 


Th«  analysis  by  SwRI  Includad  consldsratlon  of  both  blase  and  fragnsnt 
loads  and  thslr  effects  on  the  containment  structure.  Several  early,  obvious 
concepts  were  Investigated  and  reviewed  for  practicality.  The  Initial  design 
philosophy  for  the  chamber  was  to  contain  the  explosion  with  a  blast-resistant 
structure  which  Is  designed  to  last  more  or  less  Indefinitely  under  repeated 
blast  loads  and  to  contain  fragments  with  replaceable  liners  or  shields  which 
will  last  for  a  number  of  shots,  being  replaced  as  needed.  Structural  analysis 
was  performed  for  uniform  loading  and  one-degree-of-freedom  response.  Asymmet¬ 
ries  were  left  for  a  more  detailed  analysis.  Efficient  ordnance  replacement, 
equipment  needs,  rapid  cleanup,  rapid  scrubbing,  and  sufficient  work  area  all 
must  be  considered  in  any  concept.  Fragment  protection  was  determined  to  pre¬ 
sent  a  greater  design  problem  than  blast  protection  for  the  munitions  consid¬ 
ered  and  a  water  tank  concept  was  Included  for  consideration.  Four  concepts 
were  selected  for  final  evaluation  and  comparison. 

Considerations  for  Blast  Containment 


The  detonation  chamber  should  measure  about  Che  same  In  all  major  dimen¬ 
sions  so  that  all  Internal  surfaces  will  feel  approximately  equal  blast  loads 
when  ordnance  is  detonated  near  the  center.  Also,  chamber  shapes  which  leave 
small  surface  area  for  a  given  internal  volume  use  material  more  efficiently 
in  containing  internal  dynamic  and  static  pressure  loads  Chan  do  chambers  which 
are  much  larger  in  one  dimension  than  in  others.  These  considerations  dictate 
such  shapes  as  spheres,  short-capped  cylinders,  or  cubes  as  the  basic  contain¬ 
ment  chamber  geometry.  The  following  geometries,  as  illustrated  in  Figure  1, 
were  considered. 

1)  Spheres  (steel  construction) 

2)  Cylinder  with  L/D  ■  1  and  flat  end  caps  (steel  and  concrete 
construction) 


552 


3)  Cylinder  with  L/D  •  1  and  oblate  spheroidal  end  cape 
(steel  construction) 

4)  Cube  (steel  end  concrete  construction). 

For  these  four  geometries,  one  can  easily  correlate  the  internal  volume 
and  various  internal  dimension  with  a  single  dimension,  X,  as  shown  in  Fig¬ 
ure  1.  This  dimension  shoiiLd  be  large  enough  to  conduct  noimal  operations 
conveniently:  however,  it  is  obvious  that  blast  loads  reduce  as  X  increases. 
The  minimum  value  of  X  was  fixed  as  10  feet  for  operational  requirements  and 
an  upper  limit  of  SO  feet  was  considered,  for  beyond  this  it  is  unlikely  that 
the  structure  would  be  economical.  The  range  of  sizes  considered  was,  there¬ 
fore, ^10  ft  5  X  <_  50  ft. 

Blast  loads  in  air  were  determined  using  standard  air  blast  curves  for 
both  the  Initial  reflected  shock  and  quasi-static  loading.  Blast  pressure 
loading  consists  of  several  reflected  short  duration  pulses  and  a  relatively 
slow  buildup  to  a  much  longer  duration  quasi-static  pressure  as  Illustrated 
in  Figure  2.  As  suggested  in  Reference  3,  the  multiple  reflected  shocks  are 
approximated  for  the  dynamic  analysis  as  a  single  triangular  pulse  with  the 
same  duration  and  1.7S  times  the  peak  pressure  as  that  predicted  for  the 
initial  reflected  pulse. 

The  above  procedure  was  utilized  fur  blast  load  prediction  for  loads  in 
air-filled  chambers.  As  mentioned,  it  proved  difficult  to  provide  fragment 
shielding  for  air-filled  chambers,  and  water  tank  containment  chambers  were 
also  investigated.  Underwater  blast  curves  are  available  in  Reference  4.  The 
minimum  radii  of  the  tanks  were  fixed  by  fragment  stoppage  distance  but  the 
magnitude  of  the  underwater  shocks  increased  the  radius  well  beyond  this.  An 
additional  step  to  reduce  the  magnitude  of  the  underwater  shocks  was  to  pro¬ 
vide  an  air  cylinder  about  the  charge  to  decouple  the  munition  and  the  water. 
The  prediction  of  underwater  loads  proceeded  as  follows: 

1)  Use  air  blast  curves  to  determine  shock  loads  at  water/alr 
cylinder  interface 
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Figure  2.  Typical  Pressure  History  of  an  Explosion  in  a  Vented  Structure 


2)  Determine  effective  quantity  of  explosive  energy  which  would 
produce  the  same  loads  at  that  distance  In  water 

3)  Use  underwater  shock  curves  to  predict  loading  on  the  tank 
walls. 

In  addition  to  the  tank  loads,  air  shock  loads  and  a  water  plume  will  develop 
above  the  tank,  and  these  loads  must  be  contained.  These  loads  can  be  pre¬ 
dicted  using  methods  described  In  References  5  and  6. 

Considerations  for  Fragment  Containment 

An  Important  function  of  the  detonation  chamber  Is  to  arrest  all  frag¬ 
ments  from  Internal  munitions  explosions.  Because  the  chamber  Itself  must  be 
designed  for  quite  a  long  life,  only  very  low  energy  fragment  Impacts  can  be 
tolerated.  Preferably,  no  fragment  Impacts  should  be  allowed.  So,  this  re¬ 
quirement  dictates  some  type  of  inner  structure  or  system  which  Is  capable 
of  either  completely  arresting  high  speed  fragments,  or  of  slowing  them  and/or 
breaking  them  up  so  they  cannot  damage  the  blast-resistant  structure.  In  the 
analysis,  "worst  case"  fragments  were  identified  from  the  Inventory  of  muni¬ 
tions  planned  for  disposal.  As  an  example,  one  such  fragment  could  be  a  piece 
of  steel  shell  casing  weighing  about  3  lb,  traveling  at  1730  ft/sec.  In 
assessing  systems  employing  fragment  retardation  or  arrest,  one  must  consider 
a  number  of  factors,  which  can  be  listed  as  questions: 

1)  Are  proven  design  methods  available? 

2)  Can  an  average  recycle  time  of  23  minutes  be  attained? 

3}  Is  periodic  replacement  needed?  Is  this  easy  or  difficult? 

4)  What  is  the  effect  on  gas  scrubber  system? 

5)  Does  system  complicate  or  ease  design/construction  for  blast 
resistance? 

There  are  a  number  of  fragment  arresting  systems  which  could  be  used  to 
protect  the  detonation  chamber  Including  the  following: 

1)  Solid  steel  plate 
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2)  Vented  steel  panels  designed  for  suppressive  shields 

3)  Spaced  panels  with  sand  fill  between  panels 

4)  Kevlar  curtains  or  ocher  exotic  fragment-stopping  material 

5)  Sand-filled  expendable  cylinders  surrounding  munitions 

6)  Large  water  tank. 

Solid  Steel  Plate  -  A  fragment  shield  can  be  made  out  of  pieces  of  solid 
steel  plate  which  will  stop  all  fragments.  These  plates  can  be  closer  to  the 
munitions  than  the  blast-resistant  structure  Itself,  and  would  feel  much 
stronger  blast  waves.  They  must  be  mounted  on  a  very  strong  frame.  Periodic 
replacement  Is  mandatory,  but  can  be  minimized  by  using  many  panels  and  re¬ 
placing  only  those  which  show  severe  fragment  damage.  Cleanup  should  be 
relatively  simple,  and  there  Is  no  effect  on  a  gas  scrubber  system.  Blast 
loads  on  the  blast-resistant  chamber  will  be  strongly  attenuated.  In  fact, 

Che  blast-resistant  design  problem  Is  transferred  from  Che  blast  chamber  to 
Che  frame  for  supporting  the  solid  steel  fragment  arrest  panels.  The  chamber 
Itself  could  be  chick  enough  to  stop  the  fragments,  but  the  structural  Integ¬ 
rity  would  be  compromised  and  effect  the  blast-resistant  capabilities. 

Vented  Steel  Panels  -  A  number  of  types  of  vented  steel  panels,  employing 
assemblies  of  standard  structural  shapes,  were  designed  and  tested  during  the 
suppressive  structures  program.  Two  types  which  could  easily  be  used  to  catch 
fragments  are  panels  made  up  of  nested  angles  and  interleaved  I-beams.  Proven 
design  methods  for  fragment  arrest  are  readily  available  for  these  panels. 
(Reference  3)  Because  they  are  vented,  they  carry  some  blast  loading  but  also 
pass  some  blast  which  will  Impinge  on  the  chamber.  So,  an  intermediate  strength 
support  frame  will  be  needed.  Because  of  blast  accentuation  by  the  vented 
panels,  Che  loads  on  the  blast  chamber  are  reduced  and  a  lighter  design  will 
suffice.  Cleanup  and  periodic  replacement  problems  should  be  similar  to  solid 
steel  panel  design,  and  there  Is  no  effect  on  the  scrubber  system. 

Spaced  Panels  with  Sand  Fill  -  The  main  framework  would  consist  of  deep 
section  I-beams.  These  are  spanned  by  sections  of  commercial  steel  roof  decking, 
with  several  feet  of  sand  fill  between  Inner  and  outer  decking  panels.  The 
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decking  panels  are  quite  thin,  so  fragment  arrest  must  be  accomplished  primarily 
by  the  sand  fill.  The  I-beam  frame  must  be  of  similar  strength  as  for  support 
of  solid  steel  fragment  panels,  because  the  panels  do  not  vent.  Inner  decking 
panels  will  probably  require  frequent  replacement.  Cleanup  will  be  more  dif¬ 
ficult  than  for  steel  fragment  panels,  because  sand  will  leak  out  of  the  panels 
when  the  inner  decking  is  perforated.  Dust  may  complicate  scrubber  functioning. 
Because  this  design  carries  the  blast  loads  in  the  support  framework  for  the 
sand-filled  panels,  the  blast  chamber  design  can  be  drastically  lightened,  as 
is  true  for  any  unvented  fragment  arresting  design. 

ICevlar  Curtains  or  Other  Exotic  Fragment-Stopping  Material  -  The  rela¬ 
tively  new  DuPont  fiber  Kevlar  has  been  found  to  be  an  excellent  material  for 
arresting  high-speed  fragments  either  as  Kevlar  cloth  curtains  or  when  formed 
into  fiber-reinforced  rigid  panels  using  an  epoxy  resin  matrix.  The  loose 
cloth  could  be  used  to  catch  fragments,  suspended  from  a  framework.  Rigid 
Kevlar-epoxy  panels  or  other  exotic  material  could  replace  steel  fragment 
arrestors.  Although  these  concepts  will  work  as  well  as  any  other  unvented 
fragment  stopping  concept,  the  high  cost  would  probably  prohibit  its  use. 

Sand-Filled  Expendable  Cylinders  -  Figure  3  illustrates  this  concept. 

The  sand  packed  around  the  exploding  munition  arrests  the  fragments.  The  cylin¬ 
drical  sonotube  container  for  the  sand  ruptures.  Both  sand  and  pieces  of  sono- 
tube  disperse  and  Impinge  on  the  detonation  chamber  inner  surfaces.  The  air 
cavity  shown  in  the  figure  may  or  may  not  be  needed  to  decouple  strong  shock 
waves  from  the  sand  and  prevent  sand  displacement  before  fragment  arrest. 

The  fragment  arresting  system  is  expended  with  each  detonation  in  this  concept. 
It  is  also  a  very  "dirty"  system,  scattering  debris  all  through  the  detonation 
chamber  with  every  shot.  Scrubbing  and  cleanup  would  both  be  difficult.  Also, 
design  concepts  are  not  proven. 

Even  though  this  concept  has  certain  advantages  such  as  strong  blast  wave 
attenuation  and  very  low  initial  cost,  the  other  disadvantages  probably  out¬ 
weigh  these  advantages. 
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Figure  3.  Cancepc  for  Expendable,  Sand-cllled 
Fragmcac  Arrestor  Placed  Inside  the  Oeconaclon  Chamber 


'X. 


Large  Water  Tank  -  A  system  used  in  the  Netherlands  for  complete  re¬ 
covery  of  fragments  from  detonating  shells  appears  very  attractive  for  this 
application.  The  Dutch  system  is  described  in  Reference  7,  and  shown  in 
Figure  4.  This  system  has  many  advantages.  The  water  slows  the  fragments 
so  that  they  never  impinge  on  the  walls  of  the  tank  or  emerge  from  the  water 
surface  with  enough  velocity  to  cause  any  structural  damage.  The  water  also 
drastically  reduces  air  blast  above  the  tank,  so  a  very  light  chamber  covering 
the  tank  will  suffice.  Rapid  turnaround  of  munition  detonation  is  possible, 
if  a  number  of  the  expendable  air  cylinders  are  made  up  beforehand. 

The  air  cylinder  and  bubble  curtain  shovm  in  Figure  4  are  needed  to  de¬ 
couple  direct  underwater  shock  from  the  tank  walls.  The  air  cylinder  can 
present  an  operational  problem,  because  it  is  buoyant  in  water  and  must  be 
drawn  beneath  the  surface  and  held  there  by  a  pulley  and  cable  system,  as 
indicated  in  the  figure. 

Cleanup  should  be  very  simple  with  thi  system,  because  all  fragments 
will  remain  in  the  tank  and  fall  to  the  bottom.  Periodically  accumulated  frag¬ 
ments  can  be  cleaned  out.  Some  filtering  or  cleanup  system  may  be  needed  for 
the  water,  because  explosion  products  will  be  intimately  mixed  with  the  water 
with  each  explosion. 
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IV.  CHOICE  AND  COMPARISON  OF  PREFERRED  CONCEPTS 


Weighing  the  various  factors  cited  in  previous  sections  of  this  paper 
it  was  felt  that  the  last  concept  discussed,  the  water  tank,  has  many  advan¬ 
tages  over  all  other  systems.  It  was  the  recommended  choice.  As  a  backup 
in  the  event  that  the  water  tank  Is  not  operationally  acceptable  to  the  cus¬ 
tomer,  the  concept  of  vented  steel  panels  similar  to  panels  In  suppressive 
shields  was  recommended  as  the  second  choice.  The  fragment  arrestor  would 
be  placed  inside  cylindrical  containment  structures.  The  cylindrical  r>hape 
was  determined  In  structural  calculations  to  be  more  material  efficient  than 
the  box  shape  and  more  space  efficient  chan  Che  spherical  geometry.  The  final 
four  concepts  Include: 

1)  a  reinforced  concrete  (R/C)  tank  with  steel  dome  above, 

2)  a  R/C  tank  with  a  concrete  dome  above, 

3)  a  steel  cylinder  with  oblate  spheroidal  end  caps  and  in¬ 
ternal  fragment  shield,  and 

4)  a  R/C  cylinder  with  flat  end  caps  and  an  internal  fragment 
shield. 

Figures  5-9  illustrate  these  concepts.  As  noted  earlier,  the  air  blast 
analysis  was  performed  for  direct  loading  to  the  structure  from  shock  pulses 
driven  through  air  above.  Also,  as  suggested  earlier,  the  use  of  a  suppres¬ 
sive-type  shield  would  significantly  reduce  the  shock  loads  transmitted  to 
the  blast-resistant  shell.  The  designs  shown  here  have  not  been  refined  to 
include  these  reduced  loads.  If  further  consideration  of  these  concepts  is 
desired,  then  analysis  should  include  this  refinement.  But,  the  basic  con¬ 
clusions  made  from  this  r, tudy  are  not  expected  to  change. 

A  comparison  of  tl>e  four  concepts  was  made  and  is  summarized  in  Table  1. 
A  cost  comparison  for  "empty  shell"  structures  (i.e.,  only  the  basic  super¬ 
structure  of  walls,  roof,  and  foundation)  indicated  that  either  of  the  two 
water  tank  designs  was  much  less  expensive  than  the  air  chambers.  The  same 
conclusion  was  made  for  expendable  material  costs.  Operational  considerations 
were  also  compared,  and  again  the  water  tank  concepts  were  rated  superior. 
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Figura  5.  Concept  iJo.  1  (Steel  Dome) 
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Inner  Frag  Shield 

Fig-ara  3.  Concepc  Mo.  3  (Sheer  2) 


HEAVY  UCEO  REINFORCING 
PER  CATEGORY  3  DESIGN 
SUPPRESSIVE  SHIELD 
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REINFORCED  CONCRETE  VERTICAL  CYLINDER 
(REQUIRES  INNER  FRAG  SHIELD  CONCEPT  NO.  3) 


Figure  9.  Concept  No.  4 


V.  RECOMMENDATIONS 

We  strongly  recommended  that  the  water  tank  concepts  be  evaluated 
further  In  detailed  studies.  Also,  no  mention  has  been  made  of  the  effect 
of  a  "bubble  curtain"  (see  Figure  4)  on  the  demll  detonation  chamber  design, 
for  the  tank  was  designed  without  It.  Further  evaluation  of  this  system 
should  be  Incorporated  In  future  studies.  Additional  consideration  of  the 
alr-cyllnder  design  and  radii  Is  necessary.  Cycle  times  for  the  detonation 
chamber  concepts  need  to  be  determined  and  modifications  made  accordingly. 
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DESIGN  OF  THE  ADVANCED  HIGH  KINETIC  ENERGY  LAUNCH  SYSTEM 

W.  V.  Hill 
Black  &  Veatch 
Kanaas  City,  Missouri 

ABSTRACT 

This  report  describes  the  design  of  a  facility  to  provide  for  de¬ 
structive  testing  of  U.S.  and  foreign  munitions,  up  to  and  including 
155  mm.  The  facility  consists  of  a  Range  Tunnel  designed  to  resist  the 
muzzle  blast  of  an  artillery  weapon  and  a  large  steel  dome  structure 
designed  to  contain  the  blast  effects  of  64  pounds  of  TNT. 

4 

INTRODUCTION 

The  Advanced  High  Kinetic  Energy  Launch  System  is  to  provide  the 
Ballistic  Research  Laboratory  (BRL)  a  facility  for  the  destructive 
testing  of  U.S.  and  foreign  munitions,  up  to  and  including  155  mm. 
Munitions  to  be  tested  include  kinetic  energy  projectiles  (KE) ,  advanced 
chemical  energy  (CE),  self-forging  fragment  (SFF) ,  and  reactive  armors 
(RA). 

The  facility  consists  of  a  Range  Tunnel,  25  feet  wide,  21  feet 
3  inches  high,  and  280  feet  long  (See  Figure  1).  There  is  a  suppressive 
door  at  the  entrance  to  the  tunnel  to  trap  missiles  and  fragments  should 
an  accidental  explosion  occur  in  the  tunnel.  The  Target  Room  is  a  steel 
dome-shaped  structure  60  feet  in  diameter,  designed  to  contain  the  blast 
effects  of  64  pounds  of  TNT.  The  equipment  door  is  14  feet  wide  by 
18  feet  high.  The  Instrumentation  Building  is  16  feet  by  33  feet  and  is 
constructed  of  concrete  block.  The  well  provides  30  gallons  per  minute 
of  water  for  washdown  of  the  Range  Tunnel  and  Target  Room.  The  Holding 
Tank  contains  the  contaminated  washwater  and  the  exhaust  filter  system 
removes  radioactive  dust  from  the  Target  Room.  Site  work  includes  access 
roads,  parking  area,  electrical  power  service,  area  lighting,  underground 
telephone  cable,  and  a  cable  trench  from  the  Instrumentation  Building  to 
an  existing  Control  and  Firing  Building.  At  the  present  time,  the 
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facility  is  under  construction  at  Aberdeen  Proving  Ground,  Maryland  and 
is  scheduled  to  be  completed  early  in  1983. 

RANGE  TUNNEL 

The  Range  Tunnel  is  designed  to  resist  the  dynamic  loads  from  the 
muzzle  blast  of  an  artillery  weapon.  The  muzzle  blast  loads,  at  various 
angles  of  incident,  were  provided  by  Dr.  Charles  Kingery  of  BRL.  From 
the  blast  data  received,  we  developed  the  idealized  pressure- time  curves 
for  an  angle  of  incident  of  0,  30,  and  45  degrees.  The  idealized 
pressure-time  curves  were  developed  by  the  use  of  methods  given  in 
Reference  No.  1.  The  maximum  load  occurs  at  an  angle  of  incident  of  45 
degrees  where  the  peak  reflected  pressure  is  57  psi,  duration  of  the 
positive  phase  is  4.5  milliseconds,  and  the  positive  reflective  impulse 
is  128  psi-milliseconds  (see  Figures  2  and  3). 

The  original  criteria  and  concepts  called  for  the  Range  Tunnel  to 
be  constructed  of  existing  armor  plate.  When  the  actual  design  of  the 
Advanced  High  Kinetic  Energy  Launch  System  started,  the  armor  plate  had 
been  used  in  another  project.  Both  steel  plate  and  reinforced  concrete 
were  investigated  for  use  in  the  construction  of  the  Range  Tunnel.  The 
reinforced  concrete  had  the  lower  cost.  An  economic  study  on  various 
thicknesses  of  concrete  and  the  amount  of  reinforcing  required  was  also 
made . 

For  the  design  of  the  Range  Tunnel,  we  used  a  dynamic  load  factor 
calculated  using  Reference  2.  The  design  of  the  roof  slab  was  then 
checked  by  using  the  Acceleration-Pulse  Extrapolation  Method  of  Numerical 
Integration  given  in  Reference  3. 

As  you  can  see  from  Figure  4,  for  the  roof  slab  design  the  values 
for  both  the  dynamic  load  factor  method  and  numerical  integration  are 
identical,  except  for  the  time  of  maximum  deflection.  The  6.30  milli¬ 
seconds  was  the  increment  of  time  nearest  to  the  6.21  milliseconds.  The 
clear  span  of  the  walls  are  16  feet  and  the  roof  slab  spans  20  feet. 
The  elastic  unit  resistance  is  73.0  psi  for  the  walls  and  46.7  psi  for 
the  roof  slab.  The  natural  period  of  vibration  for  the  walls  is  11.9 
milliseconds  and  18.6  milliseconds  for  the  roof  slab.  The  dynamic  load 
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factor  for  the  walls  is  1.03  and  for  the  roof  slab  0.71  milliseconds. 
The  equivalent  elastic  deflection  is  0.0503  inches  and  0.0785  inches. 
The  maximum  deflection  is  0.040  inches  and  0.068  inches.  The  maximum 
deflection  occurs  at  4.32  .nilliseconds  for  the  walls  and  6.21  milli¬ 
seconds  for  the  roof  slab.  Dividing  the  elastic  deflection  into  the 
maximum  deflection  gives  a  ductility  ratio  of  0.80  for  the  walls  and  0.87 
for  the  roof  slab. 

Using  a  thickness  of  2  feet  6  inches,  with  No.  9's  at  12  inches  for 
the  positive  reinforcing  steel  and  No.  11 's  at  12  inches  for  the  negative 
reinforcing  bars  proved  to  be  the  most  economical  section  (see  Figure  5). 
Temperature  reinforcing  is  No.  8  at  14  inches  each  face.  The  direct 
tension  bars  are  No.  10 's  at  12  inches  and  No.  4  stirrups  were  used  at 
12  or  14  inches,  as  required.  The  reinforcement  used  was  ASTM  A615, 
Grade  60  except  for  the  stirrups  for  which  Grade  40  was  used.  Two 
7/8-inch  bolts  were  Installed  on  the  centerline  of  the  roof  for  a  future 
5-ton  monorail  to  be  installed  when  funds  become  available. 

TARGET  ROOM 

Figure  6  shows  the  floor  plan  of  the  Target  Room.  The  structure  is 
designed  for  repeated  blast  loads  of  64  pounds  of  TNT  equivalency.  Some 
of  the  ammunition  to  be  tested  will  contain  heavy  metal  and  it  was 
necessary  to  design  the  Target  Room  to  contain  the  explosion,  except  for 
leakage  through  the  shot  hole  into  the  Range  Tunnel  and  through  the  vents 
into  the  filter  system.  On  each  side  of  the  doors  you  can  see  the 
structural  tee  stiffeners.  The  opening  through  the  mat  foundation  in  the 
center  is  for  placement  of  the  targets. 

The  upper  part  of  the  Target  Room  is  designed  as  a  dome  with  a 
radius  of  29  feet  6  inches  (see  Figure  7).  The  dome  is  supported  by  a 
ring  beam  constructed  of  one-inch  plates.  The  lower  portion  of  the 
Target  Room,  below  the  ring  beam,  is  a  section  of  a  cone.  The  diameter 
of  the  top  of  the  cone,  where  it  is  attached  to  the  ring  beam,  is  46  feet 
9  inches  and  the  diameter  of  the  base  of  the  cone  is  59  feet.  The  height 
of  the  section  of  the  cone,  below  the  ring  beam,  is  18  feet  one  inch  and 
the  rise  of  the  dome  is  11  feet  6  inches. 


The  Target  Room  was  designed  by  the  trial-and-error  method.  We 
first  assumed  the  structural  members  then  we  reviewed  the  structure  to 
determine  the  stress  in  the  members.  The  blast  loadings  on  the  interior 
of  the  Target  Room  from  64  pounds  of  TNT  were  also  received  from  BRL. 
From  these,  we  developed  the  idealized  pressure-time  curve  (see 
Figure  8).  The  peak  gas  pressure  is  15  psi.  Even  though  there  is  some 
decaying  of  the  gas  pressure,  we  assumed  a  zero  rate  of  decay  and  con¬ 
sidered  the  IS  psi  gas  pressure  to  be  constant.  The  peak  positive 
reflected  pressure  was  calculated  to  be  75  psi,  giving  a  total  peak 
positive  pressure  of  90  psi.  The  positive  reflected  impulse  is  60  psi- 
milliseconds  and  the  duration  of  the  positive  phase  is  1.6  milliseconds. 

To  obtain  the  natural  period  of  vibration  of  the  various  members  of 
the  Target  Room,  we  used  a  computer  program  called  the  "Finite  Element 
Method  for  the  Dynamic  Analysis  of  Structures  Subject  to  any  Dynamic 
Loading"  (Reference  No.  4). 

The  dynamic  load  factor  was  then  calculated.  For  the  gas  pressure, 
a  dynamic  load  factor  of  1  was  used  and  the  gas  pressure  was  considered 
constant.  An  equivalent  static  load  was  then  calculated  and  STRUDL  was 
used  to  find  the  stresses  in  the  various  members  (Reference  5). 

For  our  first  trial,  we  used  vertical  stiffeners  between  the  ring 
beam  and  foundation  on  4-foot  2-inch  centers  completely  around  the 
structure.  The  analysis  showed  that  the  side  wall  plates  were  carrying 
the  loads  in  ring  tension  and  the  stiffeners  near  the  door  were  the  only 
ones  being  stressed.  The  next  step  was  to  keep  eliminating  stiffeners. 
The  final  design  has  three  stiffeners  on  each  side  of  the  equipment  door 
and  one  on  each  side  of  the  personnel  door  (see  Figure  6).  Additional 
steel  plates  were  welded  around  the  other  openings.  Everything  was 
designed  with  a  ductility  factor  less  than  1  so  all  elements  would  remain 
in  the  elastic  range. 

Both  the  side  walls  and  dome  were  constructed  of  one- inch  plate. 
For  the  dome  and  ring  beam,  we  used  ASTM  A516  steel.  Grade  70,  which  has 
a  minimum  yield  stress  uf  38,000  psi,  and  using  a  dynamic  increase 
factor  of  1.1  resulted  in  a  dynamic  yield  stress  of  41,300  psi.  ASTM 
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A516  steel  was  used  for  the  dome  because  it  is  easy  to  shape  and  is 
readily  weldable.  ASTM  AS72,  Grade  60  is  classified  as  a  high  strength, 
low  alloy  structural  steel  and  was  used  for  its  availability,  high 
strength,  and  weldability  for  the  rest  of  the  structure.  The  minimum 
yield  stress  is  60,000  psi  and  it  has  a  dynamic  yield  stress  of  66,000 
psi. 

The  maximum  circumferential  stress  in  the  dome  is  7,560  psi  and  the 
maximum  meridional  stress  is  9,050  psi  (see  Figure  9).  The  maximum 
stress  in  the  ring  beam,  which  occurs  at  the  equipment  door  jambs,  is 
16,800  psi.  Using  ASTM  A516  steel  the  dynamic  yield  stress  was  41,800 
psi.  For  the  side  walls  the  maximum  circumferential  stress  is  14,780  p^i 
and  the  maximum  meridional  stress  is  7,410  psi.  The  maximum  stress  was 
in  the  door  jambs  which  were  subject  to  tension  and  bending  in  two 
directions.  The  stress  was  45,700  psi.  The  stress  in  the  door 
stiffeners  along  each  side  of  the  equipment  door  was  49,380  psi  and  the 
maximum  stress  in  the  equipment  door  itself  was  51,300  psi.  For  the  side 
walls,  door  jamb,  door  stiffeners,  and  door,  the  dynamic  yield  stress  of 
the  steel  used  is  66,000  psi. 

Some  of  the  armor  piercing  ammunition  to  be  tested  contains  heavy 
metal  which  has  a  low  grade  of  radioactivity.  Upon  striking  the  target, 
the  projectile  explodes  and  the  dust  formed  cannot  be  discharged  into 
the  atmosphere.  The  air  evacuation  and  filtration  system  consists  of  a 
fan  which  pulls  24,000  cubic  feet  per  minute  of  air  through  the  suppress 
sive  door  (see  Figure  10). 

The  door  is  constructed  of  interlocking  wide  flange  beams.  This 
allows  air  to  pass  through  the  door  but  will  trap  missiles  and  fragments 
should  an  accidental  explosion  occur  in  the  tunnel.  Air  is  pulled  from 
the  tunnel  into  the  Target  Room  through  the  36  inch  diameter  shot  hole. 
The  contaminated  air  leaves  the  Target  Room  through  two  36  inch  diameter 
ducts  to  the  attenuators.  The  attenuators  are  used  to  protect  the  filters 
from  excessive  blast  pressures.  The  attenuators  were  existing  and  fur¬ 
nished  by  BRL.  They  are  10  feet  in  diameter  and  50  feet  long,  made  up 
of  one-inch  plate.  No  attempt  was  made  to  determine  how  effective  the 


attenuators  will  be  in  reducing  the  blast  pressure  to  the  filters.  Three 
seta  of  filters  are  used  in  series:  prefilters,  secondary  filters,  and 
high  efficiency  particulate  air  filters  which  have  an  efficiency  of  not 
less  than  99.99  percent  when  tested  with  0.3  micron  smoke. 

The  personnel  door  and  the  equipment  door  are  sealed  by  using  com*- 
pressed  air  seals.  Provisions  have  been  made  to  wash  down  the  dust  that 
gets  into  the  Range  Tunnel  through  the  shot  hole.  Miscellaneous  items 
in  the  Range  Tunnel  and  Target  Room  include  view  ports  for  cameras  and 
lighting,  tie  downs  for  the  weapon,  unistruts  for  attaching  equipment  to 
the  walls,  PA  system,  telephone,  power  receptacles,  and  lighting. 
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ABSTRACT 

As  part  of  the  overall  modernization  of  the  Pantex  Plant,  Amarillo,  Texas, 
the  Department  of  Energy /Mason  &  Hanger,  Silas  Mason  Co.  has  engaged  the 
Joint  Venture  Firm  of  Gibbs  &  Hill/Amnann  &  Whitney  to  design  the  new 
"Production  and  Assembly  Facilities".  As  part  of  this  design,  Aramann  & 
Whitney  was  required  to  develop  and  design  a  "near  full  containment' 
structure  titled  "Damaged  Weapon  Facility".  This  facility  will  be  used  for 
the  inspection  and  disassembly  of  components  which  have  been  damaged  by 
accidental  means. 
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DESIGN  AND  EVALUATION  OF  DAMAGED  WEAPON  FACILITY 


Introduction 


Ihe  oritoria  for  the  Damaged  Weapon  Facility  (hereafter  referred  to  as 
DWF)  specified  a  Gravel  Gertie  type  cell  structure  (Fig.  1)  where  venting 
of  an  interior  explosion  would  occur  through  gravel  fill  which,  in  turn, 
would  reoicve  the  radioactive  material.  However,  due  to  operational 
requirements,  it  was  determined  that  an  oversize  Gravel  Gertie  of  at  least 
43  feet  in  diameter  would  be  required  as  compared  to  the  34-foot  standard 
Gravel  Gertie  cell  which  had  previously  been  tested.  Therefore,  it  would 
have  been  necessary  to  perform  full-scale  tests  to  verify  the  design  for  a 
large  structure  to  meet  the  requirement  for  radioactive  material  capture. 
Thus,  various  other  configurations  were  considered  which  ultimately 
resulted  in  the  selection  of  a  near  full  containment  structural  design  as 
described  below.  Because  of  the  presence  of  radioactive  material,  in 
combination  with  high  explosives,  containment  type  design  is  required  to 
limit  dispersion  of  the  radioatlve  material  in  the  event  of  an  accidental 
HE  detonation.  In  addition  to  describing  methods  of  construction  to  attain 
this  containment,  a  comparison  of  design  blast  loads  with  blast  loads 
obtained  from  a  set  of  1/8-scale  tests  performed  in  conjunction  with  this 
project  is  presented. 

Description  of  Structure 

The  OWF  consists  of  a  main  high  bay  area  and  adjoining  staging  area; 
all  within  the  containment  area  (Figs.  2,  3  and  4).  The  structure  is  a 
near  full  containment  design  consisting  of  laced  reinforced  concrete  walls, 
roof  and  floor  slab. 

The  adjoining  area  consists  of  two  equipment  rooms,  six  staging  rooms, 
and  staging  corridor.  The  equipment  room  contains  air-handling  equipment, 
whereas  the  staging  area  contains  various  inert  components.  The  staging 
corridor  provides  a  means  of  access  from  the  structure's  entrance  to  the 
high  bay. 
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The  individual  oonorete  elements  have  been  designed  to  limit  their 
support  rotations  to  2  degrees  and  thereby  prevent  through*^raoklng  of  the 
elements.  The  thickness  of  the  laced  concrete  roof  cf  the  high  bay  is 
6'-0"  and  of  the  walls,  the  exterior  and  interior  walls  of  the 

staging  area  are  1'-6"  and  2'-0",  respectively;  whereas  the  staging  area 
corridor  roof  is  3'-0”  thick.  All  elements  of  the  entrances  are  V-0" 
thick  concrete. 

An  equipment  air  lock  with  two  steel-plate,  single-leaf  interlocking 
blast  doors  is  provided.  These  doors  have  been  provided  with  compressed 
seals  to  prevent  leakage  of  radioactive  particles  in  the  event  of  a 
detonation  within  the  cell.  To  obtain  an  effective  door  seal,  it  was 
necessary  that  the  door  bear  against  the  structure  along  all  of  its  sides. 
To  provide  a  bearing  surface  along  the  bottom  edge  of  the  equipment  blast 
door,  three  alternative  concepts  were  considered: 

1.  A  fixed  step  with  a  removable  ramp. 

2.  A  retractable  step  and 

3.  A  recess  in  the  floor  slab. 

The  first  concept  was  not  considered  acceptable  for  the  movement  of  items 
into  the  structure.  The  second  concept  was  determined  to  be  unreliable 
with  regard  to  obtaining  an  effective  continuous  seal.  The  third  concept, 
which  was  selected,  is  described  below. 

The  equipment  door  closure  is  completely  mechanized  with  electric 
motors  which  operate  the  pins  that  secure  the  door,  operate  the  screw  Jack 
which  raises  the  door  out  of  the  recess  in  the  floor  slab  and  operates  the 
door  to  swing  open  and  closed.  A  hydraulic  unit  is  used  to  provide  the 
necessary  compression  against  the  door  seals. 

Each  personnel  air  look  blast  door  is  a  single  leaf  steel  plate  with 
radiation  blast  seals.  Each  door  swings  outward  to  provide  emergency 


egress  in  the  event  of  an  accident.  In  order  to  provide  bearing  for  the 
.seal  along  the  bottom  of  each  door,  a  4-inch  fixed  step  was  provided  at 
each  door.  This  requires  that  personnel  step  down  when  leaving  the 
structure.  To  provide  this  exterior  swing  of  the  personnel  doors,  each 
door  had  to  be  designed  to  "hang"  from  the  locking  pins  and,  therefore,  the 
pins  were  designed  to  sustain  the  full  impact  of  the  interior  blast.  The 
personnel  doors  are  provided  with  hydraulic  systems  which  operate  the  pins, 
provide  door  seal  compression  and  swing  the  doors. .  The  operating  mechanism 
of  each  personnel  door  is  designed  to  open  and  close  for  two-speed 
conditions:  normal  speed  of  30  seconds  and  emergency  speed  of  15  seconds. 
Redundant  power  is  supplied  to  each  door  from  three  sources:  normal 
commercial  power,  emergency  generators  and  emergency  batteries. 

The  high  bay  area  is  equipped  with  a  9-MEV  Linac  (X-ray  machine)  with 
crane  and  hoist,  and  with  a  trolley  and  hoist  to  provide  movement  of 
materials.  Sufficient  earth  cover  had  to  be  placed  over  the  structure  to 
attenuate  to  a  safe  level  any  radiation  leakage  from  the  Linac. 

Air  intake  and  exhaust  equipment  rooms  are  located  at  each  end  of  the 
staging  corridor.  The  dehumidified  air,  which  is  supplied  from  the  service 
area  outside  the  DWF,  is  supplied  to  air-handling  units  within  the  intake 
equipment  room.  This  air  enters  the  DWF  through  a  blast  valve  supply 
chamber  (Fig.  5)  which  is  located  on  top  of  the  equipment  room.  The 
air-handling  unit  mixes  the  fresh  dehumidified  air  with  return  air  inside 
the  structure.  Air  exhaust  is  accomplished  through  equipment  hoods  which 
are  ducted  bo  the  exhaust  equipment  room.  At  this  point,  the  exhaust  air 
passes  through  a  two-stage  HFPA  filter  before  being  discharged  to  the 
atmosphere  through  a  second  blast  valve  housing  above  the  exhaust  equipment 
room. 


Both  blast  valves  are  dual-actuated  (remote  pressure  or  blast).  An 
initial  pressure  rise  within  the  high  bay,  where  all  hazardous  operations 
are  performed,  will  be  detected  by  pressure  transducers  which  transmit  an 
electrical  signal  to  the  blast  valve  operator  to  close  the  blast  valves. 
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The  valves  will  close  In  approximately  100  milliseconds  after  receiving  the 
signal .  In  the  event  that  the  blast  wave  reached  the  valves  prior  to  their 
closure,  the  blast  pressures  will  assist  in  closing  the  valves.  The  valves 
are  designed  to  resist  this  impact. 

Located  above  the  roof  of  the  vestibules  is  a  post-accident,  single- 
stage  HFPA  filtration  system  to  filter  any  contaminants  which  may  escape 
past  the  blast  doors.  A  fan  connected  to  the  emergency  power  source  and 
located  on  the  roof  will  exhaust  the  contaminants  through  the  filters. 
This  latter  system  is  actually  a  redundant  system  to  back  up  the  blast  door 
seals . 

In  the  event  of  a  detonation,  the  interior  of  the  DWF  will  be 
pressurized.  Relief  of  this  pressure  is  accomplished  through  a  pressure 
relief  pipe  which  is  connected  to  each  blast  valve  chairber.  The  pipe  is 
connected  to  a  two-stage  HFPA  filtration  system  also  located  on  the  roof  of 
the  vestibule.  Manual  valves  are  provided  to  control  the  release  of  the 
internal  pressure. 

Design  of  Structure 

The  DWF  was  designed  for  an  Internal  explosion  of  423  pounds  of 
spherical  PBX  9404 .  The  charge  is  located  as  shown  in  Figure  6  ( 1/8-acale 
model  of  DWF)  and  with  the  center  of  charge  positioned  3  feet  above  the 
floor.  The  design  criteria  stated  that  a  TNT  equivalency  equal  to  1.3  be 
used  for  PBX  9404.  With  this  equivalent  weight  of  explosive  and  the  use  of 
a  safety  factor  of  20  percent  as  defined  in  Reference  1 ,  the  total  design 
charge  weight  was  equal  to  660  pounds  of  TNT. 

Methods  for  determining  the  blast  loads  in  the  high  bay  were  available 
(Ref.  1).  However,  there  was  no  accurate  means  of  predicting  the  blast 
loads  at  different  locations  outside  the  high  bay;  therefore,  a  design 
method  was  developed  which  involved  the  following  steps: 

1 .  The  distance  from  the  source  of  the  explosion  to  the  opening  in 
the  high  bay  was  added  to  half  the  distance  from  the  opening  to 
the  point  in  question  outside  the  high  bay.  The  one-half  distance 
was  used  to  account  for  the  two-dimensional  expansion  of  the  blast 
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wave  rather  than  the  three<Klimentional  expansion  for  which  the 
curves  in  Referenoe  1  were  developed. 

2.  The  total  distance  obtained  by  St^  1  was  divided  by  the  cube  root 
of  the  equivalent  charge  weight. 

3.  The  parameter  calculated  in  Step  2  was  used  with  Figure  4-12  of  TM 
5-1300  to  determine  the  incident  pressure,  arrival  time  of  the 
incident  wave,  and  the  duration  of  the  incident  pressure. 

4.  The  angle  of  incidence  of  the  wave  at  the  point  in  question  was 
determined  geometrically  and  then  used  to  determine  the  reflected 
coefficient  from  Figure  4-6  of  Reference  1 . 

5.  The  product  of  the  reflection  factor  and  the  incident  pressure  was 
used  to  obtain  the  reflected  pressures,  impulse  and  duration. 

6.  These  reflected  pressures  were  then  averaged  over  a  given  area  of 
the  element  (roof,  wall,  etc.)  in  question  to  obtain  the  average 
shock  loads. 

7.  The  gas  pressures  used  were  obtained  from  Figure  4-65  (Ref.  1) 
using  a  volume  corresponding  to  a  portion  of  the  structure  volume 
over  which  the  shock  loads  were  averaged. 

A  typical  average  pressure-time  history  of  the  calculated  blast  loads 
outside  the  high  bay  is  shown  in  Figure  7.  The  initial  peak  pressure 
represents  the  .shock  load ,  whereas  the  flat  portion  of  the  loading 
illustrates  the  pressures  produced  by  the  build-up  of  the  gaseous  products 
and  temperature  rise  produced  by  the  confinement  of  the  explosion. 

Since  the  design  blast  loads  outside  the  high  bay  were  not  well 
defined,  a  series  of  explosive  tests  were  performed  in  a  1/8-scale  model  of 
the  DViF  (Ref.  2).  These  tests,  which  are  described  in  more  detail  in 
another  paper  presented  at  this  seminar  (Ref.  3),  covered  a  wide  range  of 
topics  including: 

1.  Determination  of  blast  loads 
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2.  TNT  equivalency 

3.  Effects  of  charge  shape,  and 

4.  Effects  of  charge  casing. 

The  results  of  these  tests  Indicate  that  the  design  loads,  as  used,  were 
oonservatlve  and  that  the  resistance  of  the  building  and,  therefore,  the 
amunt  of  steel  and/or  concrete  thickness  outside  the  high  bay  could  be 
reduced  by  10  to  20  percent. 

Figure  8  Illustrates  the  comparison  of  the  design  blast  loads  to  the 
test  results. 

Column  2  lists  the  blast  loads  used  for  the  design  of  various  areas  of 
the  structure  outside  the  high  bay,  whereas  Columns  3  through  6  list  the 
corresponding  test  results.  Column  1  lists  the  points  within  the  structure 
at  which  the  measurements  were  made.  It  may  be  noted  that  the  charge 
weights  listed  in  Columns  2  throu^  6  are  1/8-scale  charge  weights;  e.g. , 
1.289  pounds  Is  1/8-scale  weight  of  660  pounds. 

It  may  be  noted,  from  Figure  8,  that  the  design  shock  pressures  In 
Area  A  (Fig.  6)  are  significantly  higher  than  the  shock  pressures  recorded 
In  the  tests.  This  Is  probably  due  to  the  choking  effects  produced  as  the 
blast  wave  passes  through  the  relatively  small  opening  between  the  high  bay 
and  the  staging  area.  However,  except  for  the  roof  slab,  the  impulse 
produced  by  these  shook  loads  in  the  tests  are  closer  in  magnitude  to  those 
used  In  the  design.  The  magnitudes  of  the  shock  pressures  in  Area  B  (Fig. 
6)  are  also  similar  to  those  used  in  the  design.  The  latter  Is  attributed 
to  the  fact  that  the  blast  wave  had  more  area  to  expand  In  Area  B  and  that 
the  magnitude  of  the  shock  loads  were  In  the  order  of  magnitude  of  those  of 
the  gas  pressures. 

The  magnitude  of  the  gas  pressures  recorded  In  the  tests  using  1.289 
pounds  of  TNT  are  In  the  order  of  magnitude  of  the  gas  pressures  used  for 
the  design  of  Area  B.  In  Uie  latter  case,  the  entire  volume  of  the 
structure  was  used  to  calculate  the  gas  pressure  for  the  design  (81  psl). 
Therefore,  It  would  appear  that  the  volume  of  the  entire  structure  should 
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be  used  to  calculate  the  gas  pressure  at  all  points  within  the  structure 
rf'^'^er  than  the  volume  of  individual  sectors  of  the  structure.  Another 
t  ^''ant  aspect  of  the  gas  pressure  is  its  relatively  long  rise  time. 
1  .1  cases,  except  for  the  blast  door  and  blast  valve  housing  gas  loads, 

the  rise  time  was  in  the  order  of  15  milliseconds  which  is  equal  to  120 
milliseconds  in  the  full-scale  structure.  This  very  long  ri.se  time  tends 
to  produce  a  condition  where  the  structure  will  not  respond  to  the  dynamic 
effects  of  the  blast  loads  and  thereby  produce  a  structural  response  which 
is  similar  to  that  produced  by  a  statically  applied  load. 

The  longer  duration  of  the  rise  time  of  the  gas  pressures  in  the  blast 
valve  housing  is  attributed  to  the  choking  effects  produced  by  the 
relatively  small  diameter  (9-  to  10-inch  diameter)  holes  through  which  the 
air  passes  from  the  equipment  room  to  the  blast  valve  housing.  The  shorter 
rise  time  of  the  gas  pressure  acting  on  the  blast  door  cannot  be  explained 
at  this  time. 

An  examination  of  the  test  results  using  1.289  pounds  of  TNT  indicates 
a  higher  gas  pressure  than  that  produced  by  an  equal  weight  of  PBX  9404. 
This  would  seem  to  indicate  that  the  TNT  equivalency  of  PBX  9*104  is  less 
than  the  1.3  value  used  in  the  structure  design.  The  results  of  other 
tests  using  pentolite  also  indicated  a  lower  TNT  equivalency  for  the  gas 
pressures. 

On  the  other  hand,  the  cased  PBX  9404  having  a  weight  equal  to 
0.992-pound  produced  gas  pressures  in  the  same  order  of  magnitude  as  1.289 
pounds  of  TNT,  thereby  indicating  a  TNT  equivalency  of  1.3  for  the  cased 
explosive.  The  values  for  0.992  pound  of  uncased  PBX  9404  are  presented  to 
show  the  effects  on  the  gas  pressure  produced  by  the  casing. 

Conclusions 

Ihe  following  conclusions  are  offered: 

1.  The  blast  loads  used  for  the  design  of  the  portion  of  the  lAfF 
outside  the  high  bay  area  are  conservative  and  therefore  the 
concrete  thickness  and/or  reinforcement  can  be  reduced  10  to  20 
percent. 
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2.  The  use  of  a  TNT  equivalency  of  1.3  for  uncased  PBX  9404  is 
conservative.  However,  it  is  probably  not  conservative  when 
casing  effects  are  included. 

3.  Blast  pressures  produced  by  the  blast  waves  passing  through  small 
openings  will  significantly  affect  the  magnitude  of  the  shook 
pressure  as  well  as  modify  the  pressure-time  variation  of  both  the 
shook  and  gas  pressures. 
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Figure  7:  TYPICAL  AVERAGE  DESIGN  BLAST  LOADS 


Figure  8  ;  COMPARISON  OF  DESIGN  AND  TEST  LOAD 
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V 

The  Department  of  Defense  Explosives  Safety  Board  by  DoD  Directive 
3134.4  Is  charged  with  protecting  personnel  from  the  hazards  associated 
with  DoD  amaunltion  and  explosives.  Chapter  13  of  the  subject  standards 
establishes  blast,  fragments,  and  thermal  hazards  protection  principles 
and  applies  to  all  operations/f acllltles  where  personnel  are  exposed  to 
aianunlt Ion/ explosives  hazards  during  industrial,  processing,  manufact¬ 
uring,  and  more  routine  operations. 

Chapter  13  directs  that  an  ass^ament  of  risk  shall  be  performed 
on  all  new  or  modified  industrial  operatlons/f acllltles  involving 
amaunltion/ explosives.  Based  upon  this  assessment,  engineering  design 
criteria  for  the  facility-operation  will  be  developed  for  use  In  the 
selection  of  appropriate  equipment,  shielding,  engineering  controls  and 
protective  clothing  for  workers.  The  assessment  should  Include  such 
factors  as  (1)  Initiation  sensitivity;  (2)  quantity  of  materials;  (3) 
heat  output;  (4)  rate  of  burning;  (3)  potential  Ignition  sources;  (6) 
protection  capabilities  of  shields,  various  types  of  clothing,  and 
fire  systems;  and  (7)  personnel  exposure  with  special  consideration  given 
to  the  respiratory  and  circulatory  damage  to  be  expected  by  Inhalation  of 
hot  vapors  and  the  toxicological  effects  due  to  inhalation  of  combustion 
products. 
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The  exposures  which  are  permissible  are  identified  for  each  of 

Che  three  hazards*  For  example,  workers  must  be  provided  protection 
from  potential  blast  overpressures,  hazardous  fragments,  and  thermal 
effects,  with  applicable  respiratory  and  circulatory  hazards,  when  assess¬ 
ments  performed  in  compliance  with  Che  hazard  assessment  Indicate  the 
probability  of  accidental  explosion  producing  overpressures,  hazardous 
fragments,  and  accidental  flash  fires  producing  thermal  hazards  are 
above  an  acceptable  risk  level  as  determined  on  a  case-by-case  basis 
by  Che  DoO  Component.  Thus  protection  afforded  at  the  nearest  work 
station  must  be  capable  of  limiting  incident  blast  overpressure  to 
2.3  psl,  fragments  to  energies  of  less  than  58  ft-lb,  and  thermal  fluxes 
to  0.3  calories  per  square  centimeter  per  second.  Shields  complying 
with  MlL-STD-398  are  acceptable  protection. 

Several  protective  measures  may  be  used  to  assure  that  Che 
permissible  exposures  of  personnel  are  not  exceeded  in  one  or  more 
of  the  following  wayss 

a.  Elimination  or  positive  control  of  ignitlon/lnltlatlon  stimuli. 

b.  Sufficient  distance  or  barricades  to  protect  from  blast  and/or 
fragments. 

c.  In  those  areas  of  facilities  where  exposed  thermally  energetic 
materials  are  handled  which  have  a  high  probability  of  ignition  and  a 
large  thermal  output  as  Indicated  by  hazard  assessments  performed,  a 
fire  detection  and  extinguishing  system  \dilch  is  sufficiently  quick¬ 
acting  and  of  adequate  capacity  to  extinguish  potential  flash  fires 

in  their  incipient  stage  will  protect  both  workers  and  property.  Design 
and  installation  of  the  system  must  maximize  speed  of  detection  and 
appl^atlon  of  the  extinguishing  agent. 
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d.  In  amnunltlon  operational  areas  where  It  Is  essential  for  workers 
to  be  present,  and  the  hazard  assessment  indicates  an  in*process  thermal 
hazard  exiata,  use  of  thermal  ahlolding  between  the  thermal  source  and 
the  worker  is  an  acceptable  means  of  protection.  If  shields  are  used, 
they  should  comply  with  MIL-STD-398.  If  shielding  is  not  possible,  or 

it  that  provided  is  inadequate  for  protection  of  exposed  personnel 
including  their  respiratory  and  circulatory  systems,  augmentation  with 
Improved  facility  engineering  design,  personnel  protective  clothing  and 
equipment  may  be  necessary. 

e.  Thermal  protective  clothing  must  be  capable  of  limiting  bodily 
Injury  to  first  degree  burns  (0.3  calories  per  square  centimeter  per 
second  with  personnel  taking  turning  evasive  action)  when  the  maximum 
quantity  of  combustible  material  used  in  the  operation  Is  ignited, 

f.  Protective  clothing  selected  must  be  capable  of  providing 
respiratory  protection  from  the  inhalation  of  hot  vapors  and  toxicological 
effects  when  the  hazard  assessment  indicates  adverse  effects  wou^d  be 
encountered  from  the  inhalation  of  combustion  products. 


o 

e^ 


FIRE  HAZARDS  OF  COMBUSTIBLE 
ArWUNITION  IN  STORAGE  OR  TRANSPORT 


Prepared  by 
R.  Pape 

T.  E.  Waterman 
H.  Napadensky 

IIT  Research  Institute 
10  W.  35th  Street 
Chicago,  Illinois  60616 


IIT  RItlARCH  INSTITUTI 


611 


ABSTRACT 
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The  Initial  phase  of  work  has  been  completed  toward  development  of  a  standard 
test  procedure  to  characterize  the  fire  hazards  of  Class  1.3  and  1.4  munitions 
Items,  that  Is  Items  that  are  primarily  a  fire  hazard.  Preliminary  experiments 
considered  fire  damage  or  spread  of  fire  to  occur  by  radiant  heat  transfer  from 
the  flame  or  fireball,  by  direct  flame  Impln^ment,  or  by  firebrands  (hot  or 
burning  objects).  A  "fast"  burning  propellant  (a  ball  powder),  a  "slow"  burning 
propellant  (Ml),  an  Incendiary  (ALA17  candles),  and  2.75  Inch  rocket  motors  were 
used  to  Identify  the  dominant  phenomena  and  scaling  relations,  and  to  select  the 
most  promising  Instrumentation.  Subsequent  work  will  emphasize  larger  sample 
sizes  to  validate  scaling  relations  and  Identify  criteria  for  minimum  realistic 
test  size.  ^ 
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1.  BACKGROUND 


(, 

Munitions  Items  and  materials  In  Hazards  Classes  1.3  and  1.4  present 
mainly  a  fire  hazard  In  storage  and  transport.  Currently  safety  distance 
standards  for  these  materials  are  based  on  (weight  to  the  1/3  power) 
scaling.  scaling  Is  appropriate  for  airblast  pheomena,  such  as  for 

Class  1.1  materials,  and  perhaps  for  a  narrow  set  of  fire  hazards  (l,e. those 
due  to  the  explosive  fireball).  However,  the  overall  fire  hazard  Is  complex. 
Including  "fireball"  bursts  as  well  as  sustained  flames.  In  both  cases  possibly 
propelling  firebrands  and  debris  to  large  distances.  Munitions  fires  can 
occur  In  the  open  or  Inside  storage  structures.  For  most  of  these  fire  hazards, 
other  scaling  relations  are  more  appropriate,  and  safe  separation  standards 
should  be  based  on  these  more  realistic  scaling  relations. 

2.  OVERALL  DOESB  PROGRAM  FOR  FIRE  HAZARDS  FROM  COMBUSTIBLE  AMMUNITION 

In  1979,  The  DOD  Explosives  Safety  Board  Initiated  a  five  phase  program 
to  Investigate  fire  hazards  associated  with  combustible  ammunition  (materials 
in  hazard  divisions  1.3  and  1.4)  and  ultimately  develop  standard  tests  and  ra¬ 
tional  safety  distance  standards  to  realistically  characterize  those  hazards. 

The  first  phase  of  the  program.  Methodology  Development,  has  been  completed  (Ref.  1). 
The  objectives  of  that  program  were  to  develop  an  understanding  of  the  phenomena 
that  constitute  the  overall  fire  hazard,  determine  the  appropriate  scaling  rela¬ 
tions  for  these  phenomena,  and  to  evaluate  experimental  methods  and  Instrumenta¬ 
tion  techniques  required  to  characterize  the  hazards.  During  Phase  1,  the  most 
promising  scaling  and  measuring  techniques  were  Identified  and  evaluated  experi¬ 
mentally. 

Emphasis  In  Phase  2  (to  begin  shortly)  will  be  on  size  and  configuration 
effects.  During  Phase  1  stacks  of  8  or  12  boxes  of  munitions  Items  were  burned 
out  In  the  open  (essentially  unconfined).  During  phase  2,  larger  stacks  (perhaps 
up  to  30  boxes  —  "Intermediate  scale")  will  be  burned  In  the  open,  as  well  as 
Inside  enclosures  of  several  sizes.  A  plan  for  "large  scale"  testing  Is  to  be 
developed  during  Phase  2.  Such  "large  scale"  testing  must  be  completed  before 
the  Safe  Separation  Standards  and  Classification  Test  methods  can  be  finalized. 
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Phase  3  is  to  consider  the  vulnerability  of  exposed  targets  to  the  differ¬ 
ent  fire  effects.  Primarily,  consideration  will  be  given  to  radiant  flux,  total 
heat  radiated,  and  firebrands  of  different  types.  Prolonged  direct  flame  im¬ 
pingement  may  not  exceed  critical  levels.  Targets  of  concern  may  include  exposed 
energetic  materials  (propellants,  explosives,  pyrotechnics,  etc,).,  munitions 
items,  materials  of  construction,  nearby  structures,  persons,  natural  ground 
cover  (eg.  dry  grass),  vehicles,  fuel  tanks,  etc.  The  vulnerability  of  targets 
of  concern  will  define  the  criteria  needed  for  developing  safe  separation  stan¬ 
dards  . 

Phase  4  is  the  development  of  safety  distance  standards.  From  Phases  1 
and  2  the  dominant  phenomena,  controlling  parameters,  and  scaling  relations 
will  have  been  determined  and  verified.  From  Phase  3,  the  target  vulnera¬ 
bility  criteria  will  have  been  established.  Under  Phase  4,  these  basic  building 
blocks  will  be  combined  to  structure  the  safe  separation  distance  standards. 

The  only  missing  element  required  to  realistically  characterize  the  fire 
hazards  of  combustible  ammunition  is  a  standard  test  for  the  Class  1.3  and  1.4 
materials.  The  standard  test  must  provide  the  parameter  values  that  are  needed 
to  go  into  the  safe  separation  distance  tables  or  relations  to  establish  the 
separation  distance  required.  The  tests  must  be  realistic  and  practical  to  per¬ 
form.  This  implies  in  part  that  the  minimum  quantity  that  realistically  charac¬ 
terizes  the  hazard  must  be  identified. 

3.  PHASE  1  RESULTS 

The  initial  step  of  Phase  1  was  to  identify  (from  the  literature)  or  develop 
scaling  models  for  evaluating  experimental  results  for  free  standing  flames  and 
fireballs,  enclosure  fires  (i.e.  storage  facilities),  and  firebrand  lofting.  Flame 
characteristics  of  interest  included  the  heat  flux  emitted  from  the  flame  and  the 
flame  geometry. 
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In  addition  to  Investigating  the  theoretical  basis  for  scaling,  the  perti¬ 
nent  Instrumentation  techniques  were  surveyed  and  summarized.  Instrumentation  of 
Interest  Included  devices  for  measuring  radiated  heat  flux,  flame  temperature,  gas 
velocity,  firebrand  trajectories,  and  firebrand  Ignition  potential.  In  each  case, 
the  most  promising  techniques  were  selected  for  experimental  evaluation.  In  the 
case  of  Ignition  by  firebrands,  two  experimental  studies  were  completed.  The  first 
study  was  to  determine  the  abilities  of  various  types  of  firebrands  to  ignite  host 
(target)  materials  characteristic  of  “real  world"  combustibles  that  could  be  ex¬ 
posed  to  such  firebrands.  A  black  powder  layer  was  chosen  as  representative  of  a 
bare  propellant  In  a  storage  or  process  facility.  Wood  and  asphalt  shingles  were 
taken  to  represent  roofing.  Cardboard  was  tested  because  many  materials  are 
stored  In  cardboard  containers.  Canvas  and  plastic  tarpaulins  were  evaluated.  A 
typical  vinyl  covered  seat  cushion  was  tested,  and  dry  timothy  hay  was  taken  as 
representative  of  a  field  of  dry  grass.  The  firebrands  included  the  following: 

•  Smoldering  cardboard 

•  NFPA  "C"  brand  to  represent  smoldering  wood 

•  An  M30  pellet  Ignited  while  in  contact  with  the  host 

•  Solid  copper  cylinder  heated  to  specified  temperatures 

•  Hollow  steel  tube  heated  to  specified  temperatures 

The  results  of  this  Ignition  study  are  summarized  In  Table  1.  This  study  indicated 
the  Ignition  potential  for  the  range  of  firebrand  types.  To  determine  the  Ignition 
potential  and  lateral  trajectory  range  of  firebrands  produced  during  field  tests, 
several  candidate  catcher  materials  were  evaluated.  These  are  shown  in  Table  2.  The 
nwst  promising  system  was  found  to  be  a  slab  of  polyurethane  foam  painted  with  an  in- 
tumescent  paint.  For  weak  firebrands,  the  burn  pattern  on  the  painted  surface  was 
Indicative  of  the  brand  type  and  Intensity.  For  strong  firebrands,  the  painted 
surface  was  penetrated.  A  hole  was  volatilized  In  the  foam  and  the  hole  size  was 
Indicative  of  the  brand's  Intensity. 

For  the  remainder  of  the  test  program,  four  sample  materials'  were  selected. 

These  were  Ml  propellant.  Western  Cartridge  844  (a  ball  powder),  2.75  inch  rocket 
motors,  and  ALA  17  candles  (an  Incendiary).  These  materials  were  tested  both  In 
their  shipping  containers  and  removed  from  the  containers. 
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TABLE  T 

EQUIVALENCY  OF  FIREBRAND  IGNITION  POTENTIAL 


Firebrand 

' 

Host 

Material 

Cardboard 

C-Brand 

M30  Pellets 

Solid 

Copper 

1/2  inch 
Pipe 

Black 

Powder 

Ignites 

Ignites 

Ignites 

47l‘‘C 

(P'0.5) 

579“C 

(P'0.5) 

Wood 

Shingle 

P'0.8 

P>0.5 

No 

Ignition 

760‘’C- 

954“C 

(flame 

P-0.5) 

954^0 

(smolder 

P-0.5) 

Cardboard 

Ignites 

P>0.8 

P'0.8 

Between 
538“C 
and  649“C 
(P-0.5) 

Between 
538®C 
and  649“C 
(P-0.5) 

Asphalt 

Shingle 

No 

Ignition 

No 

Ignition 

Between 
760“C 
and  98 2 “C 
(P-0.5) 

Canvas 

Tarpaulin 

Ignites 

P>0.7 

P~0.4 

(smolvler) 

649‘’C 

(P-0.83) 

649'’C 

(P-0.5 

smolder) 

/60®C 

(P-l  flame) 

Plastic 

Tarpaulin 

No 

Ignition 

P-0.8 

(smolder) 

P-0.6 

(flame) 

No 

Ignition 

at  871®C 

No 

Ignition 

— 

Dry  Hay 

Ignites 

Ignites 

Ignites 

538‘’C 

(P-0.6 

smolder) 

649“C 

(P-0.2 

flame) 

954®C 

(P-l  smolder) 
and  (P-0.8 
flame) 

Seat 

Cushion 

N'u 

Ignition 

Ignites 

No 

Ignition 

649®C 
and  760’C 
(P-0.4 
smolder) 

at  982®C 

No 

Ignition 

SUMMARY  OF 


CANDIDATE  CATCHE 


1/2  Inch 


Catcher  Pipe 

Pplyethylene, 
painted  X 

Polyethylene, 
unpalnted  X 

Polyurethane, 
painted  X 

Polyurethane, 
unpalnted  X 

Kraft  Paper, 
painted  X 

Kraft  Paper, 
unpalnted  X 

Smooth  Asphalt 
Roofing  X 


Polyethylene, 

painted 

Polyethylene, 

unpalnted 

Kraft  Paper, 
painted 
Kraft  Paper, 
unpalnted 

Milk  Carton 
filled  with  water  X 


X 


X 


0 


Seven  series  of  tests  were  conducted.  The  first  test  series  was  to  screen 
the  different  Instrumentation  options  so  that  the  most  promising  could  be  selected 
for  later  tests.  The  second  series  was  to  determine  how  to  safely  test  the  2.75 
Inch  rocket  motors.  It  was  determined  that  the  rocket  motors  would  not  self-propel 
themselves  very  far;  and  outdoor  testing  was  found  to  be  suitable.  The  third 
test  series  Involved  single  packages  (boxes)  of  each  of  the  sample  munitions  Items. 
The  packages  were  exposed  to  a  liquid  hydrocarbon  pool  fire  on  one  side.  Typically, 
It  would  require  a  significant  portion  of  an  hour  before  the  fire  penetrated  the 
packaging,  and  a  fireball  would  result.  Test  series  4  Involved  stacks  of  several 
boxes  to  simulate  realistic  storage  or  transport  configurations.  With  the  Ml, 
the  Western  Cartridge  844,  and  the  rocket  motors,  the  Individual  boxes  usually 
reacted  Independently  with  long  periods  of  time  between  events.  The  Individual 
events  were  quite  similar  to  the  single  box  tests.  With  the  Incendiary,  the 
stack  of  boxes  burned  significantly  different  from  the  single  box.  The  single 
box  produced  individual  flares  "dancing  around"  on  the  ground  or  shooting  like 
rockets  Into  the  air.  The  multiple  boxes  of  flares  produced  Iridividual  flare 
burns  as  well  as  periods  of  a  sustained  churning  white  ball  of  fire  spewing 
hot  brands  appearing  like  snow. 

Test  series  5  consisted  of  burning  piles  of  bare  propellant  in  the  open, 
and  test  series  6  consisted  of  burning  these  materials  inside  of  a  small 
enclosure,  simulating  a  storage  structure.  Both  were  idealized  tests  to  evalu¬ 
ate  scaling  relations.  Finally,  test  series  7  involved  burning  propellant  in¬ 
side  of  Its  storage  container  with  the  top  removed.  These  seven  types’  of  tests 
provided  a  good  overview  of  the  different  ways  that  the  four  sample  materials 
can  burn. 

Figure  1  shows  the  range  of  heat  fluxes  (all  scaled  to  10  meters  from  the 
source)  produced  by  each  of  the  sample  materials  in  the  single  and  multiple 
box  configurations.  Figure  2  shows  a  similar  comparison  of  firebrand  travel  dis¬ 
tances  observed  in  the  tests. 

Based  on  the  Phase  1  program,  much  was  learned  that  can  be  applied  to  the 
development  of  a  standardized  classification  test  for  characterizing  the  fire 
hazards  of  combustible  munitions.  The  burning  behavior  of  the  materials  is 
better  understood,  therefore  more  realistic  quantity-distance  standards  can  be 
developed. 
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Figure  2  Comparison  of  Firebrand  Distances 


In  addition ,  the  results  of  Phase  1  clarified  exactly  what  type  of  tests 
must  be  conducted  during  Phase  2  in  order  to  verify  scaling  techniques  for  free 
air  and  enclosure  fires. 


4.  PHASE  2  REQUIREMENTS 


The  results  of  the  Phase  1  Investigations  Indicate  that  for  some  Hazard 
Division  1a3  and  1.4  materials,  e.g.  boxed  bare  propellants,  the  burning  behavior 
I  of  the  Individual  box  may  be  an  adequate  characterization  of  a  large  stack  burning 
In  the  open.  With  other  materials,  e.g.  ALA  17  candles,  significant  transition 
I  In  burning  behavior  was  observed  as  the  stack  size  Increased,  even  for  the  small 
I  scale  tests  conducted.  Thus,  one  objective  of  Phase  2  will  be  to  further  verify 
that  the  Individual  box  Is  Indeed  representative  of  large  stacks  burning  In  the 
}  open  for  the  propellants.  If  this  Is  the  case,  a  small  stack  of  boxes,  or  per¬ 
haps  one  box,  will  be  an  adequate  quantity  for  the  standard  test  for  this  sub- 
I  category  of  materials.  For  materials  like  the  ALA  17  candle,  at  least  a  small 

stack  Is  required  (based  on  the  Phase  1  results).  In  Phase  2,  further  transitions 
In  behavior  will  be  sought  as  the  stack  size  Is  Increased  In  an  effort  to  Identify 
a  criteria  for  selecting  the  minimum  allowable  stack  size  for  testing  of  materials 
in  this  subcategory. 

During  Phase  1,  realistic  size  enclosure  fires  were  not  investigated.  A  55 
gallon  drum  was  used  as  a  model  enclosure.  Bare  propellant  was  placed  inside  the 
enclosure  and  burned.  A  tongue  of  flame  was  observed  to  emerge  out  of  an  opening 
t  i  at  one  end  of  the  drum  and  an  attempt  was  made  to  Identify  the  scaling  relations 
and  parameters  that  characterize  this  flame.  For  real  Items,  such  as  the  stacks 
i;  of  boxes, the  question  remains  as  to  how  the  fire  will  progress  Inside  the  enclo- 
sure.  In  the  open,  the  boxes  generally  burned  Independently  —  Individual  flre- 
I  ball  bursts  dying  as  a  sustained  fire  column  in  each  case.  In  an  enclosure  signi- 

I  ficant  interaction  between  boxes  is  anticipated.  In  recent  British  tests,  boxes 


of  propellant  were  burned  Inside  such  an  enclosure  and  a  long  tongue  of  flame  was 
seen  to  emerge  from  the  enclosures  open  doorway.  These  test  results  were  appar¬ 
ently  quite  similar  to  the  55  gallon  drum  results  conducted  by  IITRI.  Based  on 
those  results,  the  open  air  burns  of  stacked  boxes  will  not  characterize  enclosure 
fires.  Will  55  gallon  drum  scale  tests  adeouately  characterize  these  fires,  or 
win  a  more  realistic  looking  larger  scale  test  Involving  actual  packages  be 
required?  Answering  these  questions  should  be  the  essence  of  much  of  the  Phase  2 
work. 
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Thus,  for  both  the  open  air  and  enclosure  cases  an  experimental  parametric 
sensitivity  study  will  be  required.  The  major  variables  should  Include  stack 
size,  stack  arrangement.  Ignition  type,  and  Ignition  location.  The  major 
objectives  should  be  to  verify  scaling  relations  and  to  determine  the  minimum 
stack  size  that  will  realistically  characterize  the  fire  behavior  of  the 
materials. 

Two  additional  questions  still  remain  to  be  answered  under  Phase  2.  First, 
a  great  many  materials  and  packaging  arrangements  are  Included  In  HD  1 .3  and 
1.4.  The  variety  of  items  and  packaging  materials  Is  summarized  In  Table  3. 
Under  Phase  1  only  four  materials  were  evaluated: 

Ml  Propellant 

Western  Cartridge  844  (WC844-a  ball  powder) 

2.75  inch  Rocket  Motors 
ALA  17.  Candles  (an  Incendiary) 

These  materials  were  selected  to  represent  the  range  of  items  in  HD  1.3  and  1.4. 
Unfortunately,  only  four  materials  could  not  possibly  represent  all  the  possible 
variations  that  exist  in  these  categories.  Therefore,  one  additional  material 
(a  smoke  producing  material  such  as  white  phosphorous)  has  been  added  to  the 
list  of  sample  materials  during  Phase  2.  Small  scale  (Phase  1  type)  to  inter¬ 
mediate  scale  tests  will  be  accomplished  on  this  new  material. 

Second,  the  question  remains  as  to  the  degree  of  confinement  afforded 
by  a  typical  unstrengthened  above  ground  storage  structure.  Will  such  a 
structure  act  more  like  an  Igloo,  containing  the  reaction  and  producing  a 
tongue  of  flame  that  extends  out  of  an  open  doorway  or  window,  or  will  it 
provide  negligible  confinement  resulting  in  essentially  a  free  air  burn  of 
the  munitions?  An  analysis  is  to  be  conducted  to  evaluate  this  problem  and 
clarify  which  phenomena  are  more  appropriate  for  characterizing  the  unstrength¬ 
ened  storage  structure  situation. 

5.  SUMMARY 

A  five  phase  program  is  being  conducted  by  the  Department  of  Defense 
Explosive  Safety  Board  leading  to  revised  safety  distance  standards  and 
testing  for  Class  1.3  and  1.4  materials.  The  first  phase  of  work  has  been 
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TABLE  3 

TYPICAL  CLASS  1.3  AND  1.4 
MUNITIONS  ITEMS  AND  PACKAGING  MATERIALS 


Munitions  Itsms* 


Propellants  (solid,  powder,  grslns/pellsts) 

Incendiaries 

Fireworks 

Cartridges 

Blasting  Caps 

Primers 

Bombs 

Cord/Cable 

Fuses 

Flares 

Grenades 

Rockets/Rocket  Motors 

Squibs 

Tracers 

Contrivances 

Some  Explosive  Devices 


Packaging  Materials 


Paper  Rags 
Kraft  Paper 
Plastic  Bags 
Flberboard  Boxes 

Natural  Wood 
Rubberized  Textile 
Rubber 
Sawdust 

Wood  Vool 

Textile 

Aluminum 

Steel 

Glass 


*  Some  of  the  types  of  items  listed  may  also  be  in  other 
classes. 
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completed.  During  that  program,  scaling  relations  were  evaluated.  Primarily, 
Instrumentation  methods  were  scrutinized  and  the  controlling  phenomena  were 
Identified.  It  presently  appears  that  a  classification  test  procedure  should 
evaluate  stacks  of  boxes  burning  In  the  open,  as  well  as  enclosure  fires  (i.e. 
at  least  2  tests  are  needed).  Based  on  the  results  of  the  Phase  1  program, 
the  essential  features  required  In  subsequent  phases  of  work  have  been  Identified. 
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20  th  000  Explosives  Ssfety  Ssminsr 
NORFOLK  VIRGINIA 


1 


IHTHODOCTION 


Ovar  «  parlod  of  ••vdral  yaarst  SNPE  haa  conductad  taats 
uBlnq  various,  somatlmaa  larga  quantltias  of  hunting  gunpowder 
and  propellants. 

These  tests  are  designed  to  determine  the  effects  on  the 
environment  of  accidental  Ignition  during  the  handling 
or  storage  of  the  materials  concerned. 

The  hundred  or  so  tests,  performed  on  quantities  ranging 
from  a  few  kilograms  to  several  dozen  tons,  served  to 
determine  empirical  laws  through  systematic  processing  of 
the  results.  In  order  to  predict  the  duration  of  combustion, 
the  size  of  the  fireball  ,  and  the  heat  flux  emitted.  ^ 

By  means  of  a  technical  approach,  these  laws,  associated 
with  the  data  In  the  literature  on  human  tolerance  to  heat 
flux  ,  make  It  possible  to  define  hazardous  areas. 

Before  presenting  these  laws  and  offering  an  example  of 
their  application  (related  to  French  regulations) ,  we 
shall  first  describe  one  of  the  many  experiments  Involving 
large  amounts  of  explosives. 

2.  EXAMPLE  OF  A  TEST  ON  LARGE  QUANTITIES  OF  MATERIAL 

This  test  was  designed  to  assess  the  behaviour  of  a  storage 
building  using  a  hunting  gunpowder,  and  to  determine  the 
fireball  produced. 

This  so-called  "Captieux  type  magazine"  was  described  in 
detail  at  the  i7th  seminar  on  safety  of  explosives  by 
Messrs.  Roure  and  Fontaine.  The  figure  (t)  r  e  >  * 
the  main  characteristics  of  this  type  of  depot. 
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A  Standard  stora?*  configuration  was  reproduced  for  the 
tett:  the  building  was  subdivided  Into  14  blocks  each 
containing  73  druns.  Since  the  capacity  of  each  cardboard 
drum  vas  IS  kg  of  powder >  the  bulldlna  contained  15,120  kg 
uf  hunting  powder. 

Initiation  was  caused  by  the  Ignition  -  using  hot  wires  - 
of  150  kg  of  powder  spread  on  the  ground  around  a  central 
block.  (I'igure  [ll]  ). 

The  film  which  we  shall  now  see  offers  an  idea  of  the 
progress  of  the  fire  and  its  consequences  on  the  building 
(NOTE:  the  building  had  been  used  In  a  previous  test,  and 
the  film  shows  the  absence  of  a  few  roof  tiles  before  the 
fire  set  In  the  experiment  daacrlbed  here) . 

Heat  flux  ffleasuesAients  were  taken  close  to  the  building 
to  determine  the  flow  around  the  fireball.  Asymptotic 
Hy  Cal  Englnaarlng  calorimeters  were  employed. 

The  graph  below  (figure  (ill)  )  shows  the  heat  flux  recording  at 
20  tn  facing  the  building,  as  a  function  of  time. 

Immediately  after  Ignition,  the  combustion  of  150  kg  of 
bulk  powdsr  ussd  to  set  the  fire  can  be  obaervad.  This 
combustion  reaches  a  peak  In  3  seconds,  and  the  heat  flux  at 
20  m  Is  8  W/cm’.  Ths  flux  then  becomes  practically  nill 
until  the  85th  second,  when  the  whole  building  catches 
fire,  ths  recorder  is  saturated  but  the  maximum  flux  can  be 
estimated  ac  50  w/cm*  at  20  m  (obtained  10  seconds  after  the 
start  of  tha  overall  fire).  Combustion  lasts  less  than 
ona  minute,  end  is  followsd  by  a  residual  combustion 
(combustion  of  cardboard  packings) . 

Ths  dapth  of  the  flame  front  during  total  combustion  is  a 
maximum  of  30  m  at  ths  facade.  (This  distance  was  minimired 
by  a  5  m/s  aids  wind,  which  ceusad  ths  vegetation  to  burn 
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ovar  a  lataral  dittanca  of  200  matraa) .  At  tha  raar  of  tha 
building,  aftar  projactlon  of  roof  slaba,  tha  flana  front 
alto  raaehad  30  matraa.  (Pigura  fiv]). 

3.  EMPimCAL  PORECASTIMG  EQUATIONS 

Thasa  aquatlona  wara  obtalnad  from  tha  maaauramants  and 
obaarvatloilt  notad  during  about  100  taata. 

They  aara  aatabliahed  by  a  non-llnaar  ragrasaion  mathod. 

3.1 .  Radlua  of  tha  flraball 

If  tha  ahapa  of  tha  contalnar  doaa  not  cauaa  any  particular 
orlantation  of  tha  flamaa,  tha  flraball  radlua  can  ba 
astlaatad  by  tha  aquation: 

R  -  1.21  .  [i] 

Thla  aquation  la  valid  for  M  <  10,000  kg. 

3.2.  Cowbuation  tliwu 

Tha  equation  la  not  uniform  ovar  tha  ant  Ira  weight  range. 

M  <  800  kg  :  t,  •  3.225  .  [2] 

800  kg  <  M  <  40,000  kg  :  tj  •  0.707  .  [3] 

3.3.  Radiant  flux 
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wticra: 

§  flux  density  In  W/cm* 

k  unit  conversion  factor 

c  energy  conversion  factor  (reflecting  the  part  of  the 
energy  available  which  is  emitted  in  the  form  of 
radiant  flux) 

t  heat  transfer  coefficient  (reflects  the  part  of  the 
radiant  flux  ejnitted  which  is  effectively  received  at 
distance  R) 

0  potential  of  the  gonpowdet  (cal/g). 

This  is  a  simple  way  of  expressing  the  energy  available 
in  the  burning  material. 

R  distance  (m) 

dM  combustion  flow  rate  per  unit  mass 

a? 

The  factors  c  and  t  are  associated  with  the  materials  and 
the  fire  conditions. 

AS  a  first  approximation,  and  based  on  the  assumptions  used, 
the  following  mean  values  can  be  taken  for  the  product  c.t. 
(values  obtained  empirically) ; 

c.t.  ■  if  the  product  is  in  bulk  or  in  a  container 

offering  little  fire  resistance 

yg  <  ct  <  y  if  the  product  is  in  containers  offering 
substantial  fire  resistance  ^4^ 


These  srpirical  equations  provide  a  technical  approach  to 
the  forecastinc  of  danger  zones  in  case  of  fire. 


llo«Mv«r«  Franoh  r«9ul«tiont  Allow  thosa  lonai  to  bo  coleulotod 
pcinoipolly  on  tho  boolo  of  motorlol  wol9ht.  Boforo  using 
on  oxuplo  to  eonpors  tho  taehnioal  opprooch  and  tha  ragula- 
tory  approaoht  It  la  asaantial  to  auanarlaa  tha  Franoh 
ragulationa  govarning  hast  flux  haeardoua  araa  calculation. 

4.  mVIPt  OF  FWWCH  llgQm.BTIONS 

Matarlals  or  objaeta  incurring  a  flra  hatard  aro  divided  into 
two  groups i 

.  one  inoludas  matarlals  and  objaeta  which  burn  with  tha 
ganaration  of  eonaidorabla  hast  radiation  (i.3.a)> 

.  tho  aacond  group  includas  matarlals  and  objaeta  which 
burn  fairly  slowly,  or  in  auccasalon  (1.3.b>. 

For  aach  of  thasa  subdivisions,  tho  boundarios  of  tha  danger 
sonaa  are  dafinad  in  principle  on  tha  basis  of  tha  weight 
involved,  according  to  tha  following  tablet 


DMIGnt  ZCSIX 

1 .3. a. 

1.3.b. 

11 

(aortal  injury  in  aora 
than  50%  of  cases) 

0  ^<2.5 

0^  R,  <1,5 

12 

(grava  injury  that  aay 
ba  aortal j 

<Rj,<1.5 

<Rj<2 

13 

(injuries) 

14 

(possibility  of  injury) 

<  6,5 

<:R^<3  .25 

M  :  Weight  uC  explosible  substance  in  kilograms. 

R  t  distance  oc  the  boundaries  of  hazardous  areas,  in  meters. 

table  1  :  FRENCH  REGULATION, 
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Morvovar.  tha  aam*  ragulatlona  provide  a  definition  of 
danger  lonee  using  the  concept  of  heat  flux. 

.  lone  21  eorretiponde  to  a  flux  above  1.5  N/cm' 

.  lone  22  eorreeponds  to  a  flux  above  0.6  w/cm’ 

Thii  definition  allows  an  Initial  technical  approach  if 
the  flux  measurements  are  known. 

5.  PRACTICAL  PROCEDURE  FOR  THE  APPROXIMATE  PREDICTION 
OF  DANGER  ZONES  CREATED  BY  HEAT  FLUX. 

Only  the  general  case  of  non-directional  combustion  is  dealt 
with  heref  for  which  the  propagation  of  the  radiant  flux  is 
not  affected  by  any  obstacle. 

a)  Input  datas  .  weight  of  material 

.  potential . 

b)  Calculation  of  combustion  time  by  equation  2  or  3. 

c)  Flndlno  on  curve  fv]  the  flux  which,  for  exposure  times 
calculated  in  b) ,  cause  first,  second  or  third  degree  burns 
(NOTE:  this  curves  are  a  compilation  of  the  work  of  d.e. 
Jarret  and  K.  Buettner,  and  of  the  recommendations  of 

MIL  STD  398  dated  5  November  1976,  and  does  not 
account  for  burns  by  direct  contact  with  the  flames) . 

d)  Use  of  equation  [^4  J  to  calculate  the  distances  at  which 
these  critical  flux  are  received. 

6.  SAMPLE  FORECAST 

To  illustrate  the  procedure  just  described,  the  following  table 
gives  a  comparaison  between  the  danger  zones  calculated  in 
accordance  with  French  regulations  and  those  which  were 
estimated  by  our  technical  approach,  in  the  case  of  the 
combustion  of  15,120  Itg  of  hunting  powder  (potential  1000 
cal  g) . 
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Aegulatory  approach 

t1 

«1.S 

/  I 

za 

•6.S 

90 

si 

123. < 

no 

t4 

tM.7 

1.0 

IMi4lS.2  >  RADIUS  (m)  OF  HAZARDOUS  AREAS. 


This  ttxafflpl*  rcvaala  accaptabl*  Aorasmont  batwaan  tha  two 
approachas . 

7.  CONCLUSION 


Tha  many  axparlmants  conducted  by  SNPE  halpad  to  darlva 
empirical  equations  to  predict  fireball  sizes,  combustion 
times  and  tha  radiant  flux  racalvad. 


In  simple  cases,  these  empirical  aquations  allow  a  vary 
rapid  calculation  of  the  danger  zones.  To  deal  with  more 
complex  cases,  these  empirical  equations  offer  Input  data 
for  computer  programs,  which  must  also  account  for  the 
rata  of  expansion  of  the  fireball,  the  role  of  shields 
and  openings,  and  even  the  possibilities  of  operator  flight. 
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SUMMARY 


Quantity-Distances  for  HD  1.3  explosives,  particularly  bulk  f^un 
propellants,  are  considered  to  be  less  soundly  based  than  for  HD  1.1  (mass 
exploding)  and  HD  1.2  explosives.  Blast  effects  and  projection  hazards 
have  been  extensively  studied  and  are  comparatively  well  understood.  The 
behaviour  in  a  fire  of  bulk  stocks,  or  loads,  of  HD  1.3  explosives  depends 
primarily  on  the  strength  of  the  confining  structure.  Tests  on  tonnage 
quantities  of  boxed  gun  propellants  in  representative  structures  are 
reported.  The  unexpectedly  energetic  behaviour  displayed  indicates  that 
existing  Q-Ds  for  HD  1.3  explosives  may  give  inadequate  levels  of 
protection.  The  orientation  of  entrances  to  propellant  magazines  may  be 
a  cjrucial  element  in  the  protection  against  commimication  between  magazines 
and  process  buildings. 


INTRODUCTION 


The  study  of  the  effects  of  an  Incident  involving  explosives  (used 
here  in  the  widest  sense  to  include  ammunition,  pyrotechnics  and 
propellants),  was  naturally  concentrated  on  those  showing  the  most  wide¬ 
spread  damage  and  injury  potential,  i.e.  those  which  mass  explode.  These 
explosives,  classified  using  the  international  scheme  as  Hazard  Division 
(HD)  1.1,  produce  a  blast  wave  capable  of  damaging  or  destroying  structures 
at  a  distance.  The  blast  wave  parameters  are  fairly  consistent  and  mathe¬ 
matical  relationships,  which  predict  the  range  at  which  a  particular  degree 
of  structural  damage  is  to  be  expected  from  a  known  quantity  of  explosives, 
i.e.  Q-Ds,  are  almost  xmiversally  accepted.  Licensing  of  explosives 
holdings  simply  requires  a  decision  as  to  what  is  an  acceptable  degree  of 
damage  and  hazard.  In  the  writer’s  opinion  this  concept  of  relating  the 
radius  for  a  certain  degree  of  (acceptable)  hazard  to  the  explosive 
quantity  by  a  simple  mathematical  relationship  is  justified  only  when  blast 
is  the  predominating  effect  producing  the  hazard.  This  implies  that  it  is 
essentially  wrong  in  principle  for  other  than  HD  1.1  mass  exploding 
explosives. 

Projections,  both  primary  and  secondary,  from  buildings  etc  surrounding 
the  explosives,  often  accompany  blast  effects  from  a  mass  explosion. 

Although  the  range  of  lethal  projections  may  extend  as  far  as  a  damaging 
blast  wave,  the  projection  hazard  is  typically  not  the  controlling  factor 
at  the  IBD  from  larger  quantities  of  explosives.  For  HD  1.2  explosives, 
tdiich  display  negligible  blast  effects,  the  projection  hazard  is  the 
predominant  effect.  The  radius  to  a  certain  degree  of  acceptable  hazard 
depends  essentially  on  the  particular  design  of  explosive  article  concerned 
(in  the  military  field  typically  HE  gun  eunmunition  not  exceeding  100mm 
dalibre).  It  must  be  borne  in  mind  that  the  range  of  effects  is  not 
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significantly  increased  when  the  quantity  is  increased,  since  the  articles 
react  individually.  A  typical  incident  would  begin  as,  or  soon  result  in, 
a  fire  in  a  ammunition  store  or  vehicle  and  continue  possibly  for  hours  in 
the  absence  of  fire  fighting  action.  This  extended  duration  would  allow 
spontaneous  evacuation  of  personnel  not  seriously  injured  in  the  initial 
event.  Both  NATO  and  UK/MOD  specify  the  distance  function: - 

D  a  68  in  metres  and  kg 


for  the  hazardous  types  of  HD  1.2  explosives  with  a  minimum  of  270  m 
(900  ft),  ^n  the  writer's  opinion  this  almost  negligible  factor  of  0.18 
is  a  sop  to  the  gut  feeling  that  if  2  tonnes  of  ammunition  requires  a 
"safe  distance"  of  say  270  m  then  20  tonnes  must  need  more  -  why  not  400ra^ 
It  is  noted  that  UD  DOD  in  Interim  Change  1  to  Table  5  of  IX)D  5154  simply 
specifies  fixed  distances  for  particular  types  of  HD  1.2  explosives  irres 
pective  of  quantity.  Although  historically  less  interest  has  been  shown 
in  the  Investigation  of  projection  hazards  than  of  blast,  recently  more 
attention  has  been  ^iven  to  the  study  and  measurement  of  projections.  A 
joint  Australlan/UK  series  of  teats  whose  results  are  currently  being 
analysed  is  merely  the  latest  effort  in  this  field. 

Flame  is  produced  vdien  almost  all  explosives  function.  In  a  mass 
detonation  the  visible  flame  is  very  quickly  extinguished  and  normally  is 
not  so  effective  as  blast  and  projections  in  causing  damage  at  a  particular 
distance.  Since  HD  1.2  items  react  Individually  the  flame  produced  is 
typically  even  less  significant  than  for  HD  1.1  explosives.  By  contrast 
HD  1.3  explosives  display  heat  and  flame  as  the  predominant  effect. 

In  contrast  with  the  blast  and  projection  effects  typical  of  HD  1.1  and 
HD  1.2  explosives,  the  firey  behaviour  of  HD  1.5  explosives  has  hardly  been 
studied  at  all.  This  in  spite  of  the  large  quantities  of  propellants  which 
are  used,  particularly  in  military  ammunition.  It  is  by  no  means  only  for 
KE  weapons  that  propellants  are  the  predominant  type  of  energetic  material 
present.  Again  it  is  often  overlooked  that  Nitrocellulose  (NC)  and 
Nitroglycerine  (NG),  traditionally  used  in  propellant  formulations,  have  a 
higher  energy  content  per  lb  than  almost  all  other  High  Explosives. 


It  is  well  known  that  the  energy  in  the  propellant  can  be  harmlessly 
dissipated  by  burning  when  unconfined.  It  appears  to  have  been  tacitly 
assumed  that  the  behaviour  of  bulk  boxed  propellant,  if  involved  in  a  fire, 
will  invariably  approximate  to  that  of  an  unconfined  fire.  Subsequent  to 
the  1939“1945  War,  ESTC  revised  the  UK  regulations,  including  Quantity- 
Distances,  concerning  the  storage  of  propellants.  During  consideration  of 
the  matter  it  became  apparent  that  then  current  Q-Ds  were  not  based  on 
reliable  experimental  evidence.  The  opportunity  presented  by  the  need 
to  dispose  of  war  surplus  propellant  in  West  Germany  led  to  the  controlled 
burning  of  up  to  175,000  lb  (800,00  kg)  stacks  at  DUNE.  It  was  then 
decided  that  more  closely  controlled  tests  should  be  carried  oht  in  UK 
and,  after  some  simple  preliminary  trials  a  planned  series  of  trials  was 
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i»>itinted  involvinjf'  stncks  of  propellant  up  to  40,000  lb  ( 18,000  kp) 
in  mnHB  in  the  open  air. 

TRIAIi^  PARRIED  OUT  1948-1949  (Ref.4) 

A  proRramme  of  trials  was  carried  out  involving  wire  cages  to  hold 
bare  'cordite'  propellant  in  an  approximate  cubic  heap.  It  was  found 
that  central  ignition  of  the  stack  gave  a  faster  development  of  maximum 
burn  than  peripheral  ignition.  The  maximum  flame  radius  at  ground  level 
with  central  ignition  could  be  represented  by  the  foitnula:- 

R  fft)  ■=  1.04  (W  in  lb) 

O 

or  R  (m)  =  0.45  Q  *  (Q  in  kg) 

A  aimplified  formula  was  proposed; - 

1 

F  (ft)  =  0.6  W-  (W  in  lb) 

1 

or  R  (m)  =  O.P*7  (Q  in  kg). 

Both  formulas  giving  the  same  distance  of  25  m  for  850O  kg  (80  ft  for 

19,000  lb). 

N.B.  The  influence  of  the  wind  has  been  ignored.  It  is  known  that  wind 
velocities  loss  than  10  ft/sec  (5  rn/sec)  can  significantly  move  the  fire 
ball  down  wind  from  the  propellant  heap. 


TRIALS  CARRIED  OUT  1958  (Ref. 5) 

A  further  series  of  trials  were  carried  out  using  similar  wire  cages 
to  restrain  the  bare  cordite  propellant.  Essentially  these  were  a 
repetition  of  the  previous  trials  with,  however,  some  sophisticated 
recording  equipment  including  thermal  dosage  meters.  It  was  determined 
that  the  maximum  flame  radius  of  ihe  fire  ball  ('.rrespective  of  height) 
could  be  represented  by  the  formulea;- 

R  (ft)  =»  7.4  (W  in  lb) 

or  R  (m)  =  2.8  (Q  in  kg) 

For  8500  kg  this  is  56  m  (II6  ft  for  19,000  lb). 

Again  the  influence  of  the  wind  is  ignored. 
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PRACTICAL  CONSIDERATIONS 


Th»  implied  nssumptlon  that  propellant  id  atored  and  carried 
effectively  in  an  unconfined  state  is  crucial.  Since  it  is  known  that 
the  burning  rate  of  propellant  is  markedly  increased  (by  a  factor 
exceeding  1o5)  when  greatly  confined  in  a  gun  breech  or  n  rocket  motor 
it  is  surprising  that  no  effort  seems  to  have  been  made  to  allow  for 
the  effect  on  the  burning  rate  of  propellant  by  a  structure  which  would 
provide  limited  confinement.  Such  a  structure  could  be  a  brick  or 
concrete  walled  storehouse  with  a  concrete  roof  of  say  6  inches  (1^0  mm) 
thickness.  In  the  UK  such  construction  is  widely  used  for  stores  and 
process  buildings.  A  process  building  would  be  provided  with  windows 
but  a  typical  storehouse  would  be  without.  The  internal  pressure  required 
to  lift  such  a  roof,  not  tied  down  -  the  walls,  would  be  about  0.3  psi* 

It  may  be  taken  for  granted  that  the  weakest  part  of  the  structure  would 
be  the  doorCs)  and  that  they  would  be  forced  open  if  propellant  within  took 
fire.  This  would  allow  some  venting  of  combustion  products  from  the 
propellant  and  it  appears  to  have  been  assumed  that  such  venting  would 
effectively  restrict  the  propellant  bum  rate  to  an  acceptable  degree, 
presumably  dependant  on  the  thermal  protection  afforded  by  the  packages. 


RECENT  TRIALS  OF  BOXED  QON  PROPELLANT  (Refa.  7  &  8  ) 

Between  1973-75  trials  were  carried  out  in  the  UK  to  compare  the 
resistance  to  the^read  of  fire  within  a  stack  of  boxed  gun  propellant. 
Boxes  constmeted  of  fibreboard  were  compared  with  reuseable  C128  wooden 
boxes  traditionally  used  to  carry  propellant  in  the  UK  by  MOD.  Rather 
surprisingly  it  was  found  that  there  was  some  difficulty  in  ensuring 
communication  of  fire  from  one  box  of  propellant  to  adjacent  boxes  in  a 
rough  stack.  The  trials  were  carried  out  in  the  open  and  even  slight  winds 
seriously  affected  the  impingement  of  the  flames  onto  adjacent  boxes.  The 
details  of  the  flame  geometry  from  the  ignited  box  was  found  to  be 
significant.  The  propellant  in  the  strong  wooden  boxes  was  found  to 
communicate  more  quickly  when  the  boxes  were  neatly  stacked  on  pallets 
than  the  lighter  fibreboard  boxes  which  were  effectively  airtight.  On  a 
pallet  the  precision  made  wooden  boxes  were  quite  accurately  aligned 
with  other  boxes  in  the  same  layer.  These  boxes  were  fitted  with  a  simple 
clipped  on  lid  overlapping  the  ends  and  sides.  On  igniting  the  propellant 
in  one  box  the  pressure  within  lifted  the  lid  slightly  without  dislodging 
it  and  a  laminar  flame  issued  exactly  aligned  to  play  on  the  join  between 
the  next  box  and  its  lid.  The  result  was  a  very  fast  communication  of  the 
fire  to  all  boxes  in  a  particular  layer.  Communication  of  fire  between 
boxes  on  other  layers  took  much  longer  and  often  the  propellant  was 
extinguished  before  layer  to  layer  communication  occurred.  Communication 
between  the  fibreboard  boxes  proceeded  by  means  of  fire  penetration  of 
the  box  material  itself.  Although  it  took  longer  for  the  box  to  box 
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communiontion  to  occur  it  eventually  oncompnaped  nil  of  the  fibrebonrd 
boxen  on  n  pallet,  or  pnlleta,  provided  these  were  touching  or 
close  together. 


lARQE  SCAIJ!  TRIALS  OF  BOXED  OUN  PROPELLANT  (Ref.  9) 

It  wns  decided  to  inveatignte  the  rnte  of  aprond  of  fire  along  n  row 
of  pallets  of  boxed  propellnnt  within  n  representntivo  building.  A  survey 
of  mngasinon  showed  that  n  volumetric  loading  density  of  npprox.  4  lb 
propellant  per  eublc  foot  was  typical  (64  kg  m“3).  The  typical  pallet  was 
approximately  a  4  ft  (1.2  m)  cube  and,  when  carrying  propellant  in  fibre- 
board  boxen,  held  approximately  1000  lb  (450  kg)  net.  A  long  room  was 
constructed  of  large  concrete  ('Pendine')  blocks  having  a  height  and 
internal  width  both  of  8  ft  (2.4  m).  The  length  wan  juat  in  excesn  of 
40  ft  (12  m)  with  one  end  closed,  and  the  other  being  completely  free. 

The  roof  was  formed  of  steel  plates  about  ^  inch  (l8  mm)  thick  and  12  feet 
(3*6  m)  long  butted  together  and  set  across  the  room  width.  It  was 
realised  the  'doorway*  was  an  unrealistically  large  venting  area  for  such 
a  storehouse  of  volume  of  2560  ft’  (77  m3).  Ten  pallets  were  placed  along 
the  axis  of  the  room  and  touching  ns  would  be  n  typical  stack  in  a  magazine. 
The  ten  pallets  held  approximately  10,000  lb  (4,500  kg)  in  total  of 
propellant.  The  blocks  forming  the  walls  were  carefully  positioned  to 
leave  'arrow  slots'  a  few  inches  wide  between.  Cameras  were  placed  to 
observe  the  spread  of  flame  down  the  length  of  the  building.  One  box  of 
propellant  on  the  pallet  nearest  the  doorway  was  ignited.  The  test  was 
repeated  with  a  similar  stack  of  pallets  of  wooden  boxes  of  gun  propellant. 
Because  of  the  lost  volume  these  ten  pallets  held  approx.  7500  lb  (5400  kg) 
in  total  of  propellant.  Each  trial  was  repeated  making  four  firings  in  all. 

There  was  an  initial  delay  whilst  the  first  box  fire  communicated  to 
the  other  boxes  on  the  outermost  pallet.  The  arrow  slots  then  successively 
spurted  flame  and  shortly  after  bright  flames  were  seen  at  the  lAst  slot 
indicating,  presumably  that  flame  filled  the  whole  volume  of  the  room,  the 
rate  of  combustion  accelerated  violently.  The  flame  discharged  from  the 
open  end  of  the  room  so  Increased  that  in  the  first  (fibreboard  box)  trial 
a  roaring  flame  jet  swept  for  200  ft  (60  metres)  horizontally  along  the 
ground.  The  roof  plate  at  the  closed  end  of  the  room  lifted  and  was 
dislodged  there-by  somewhat  reducing  the  confinement.  This  violent  phase 
when  presumably  the  greater  part  of  the  propellant  reacted,  lasted  about 
5  seconds.  Unfortunately,  the  cameras  were  not  aligned  to  monitor  this 
flame  projection.  A  similar  result  occurred  with  the  other  fibreboard 
box  trial. 

The  trials  involving  the  C123  wooden  boxes  proceeded  very  similarly 
although  with  a  slightly  less  violent  reaction.  It  is  impossible  to 
ascertain  whether  the  reduced  propellart  loading  density  or  the  protective 
effect  of  the  wood  versus  fibreboard  caused  the  difference.  Trial  2  of  the 
wood  box  fire,  is  Illustrated  in  the  film  clip.  In  trial  4  there  was  a 
delay,  amounting  to  houre^  before  the  fire  was  established.  The  established 
fire  behaved  identically  to  that  in  trial  2  but  no  film  record  was  taken. 
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OBSKRVATIONS 


The  18  ram  eteel  roof  of  the  model  room  oonntruoted  for  the  trials 
had  n  weight  corresponding  to  0.20  pei.  It  is  reasonable  to  asuume  that 
leakage  of  the  pressurised  combustion  products  between  the  top  of  the 
concrete  wall  and  the  plate  submits  the  whole  area  of  the  plate  to  much 
the  same  pressure  and  that  this  represents  the  maximum  confinement  of 
combustion  products.  It  would  be  anticipated  that  the  maximum  internal 
pressure  would  occur  remote  from  the  vented  end  of  the  room.  The  stnicturo, 
although  it  may  appeor  to  be  of  maaalve  eonatntctlon,  is  in  fact  much 
weaker  against  a  sustained  internal  pressure  than  many  common  types  of  well 
built  atorehouses.  This  implies  that  the  effects  demonstrated  are  minimal 
and,  apart  from  wooden  sheds  or  thin  pannelled  buildings,  night  be  exceeded 
should  an  incident  occur  in  many  existing  propellant  storehouses.  It  is 
relevant  to  note  that  French  practice  has  been  to  store  propellants  in 
long  buildings  with  one  long  side  completely  open,  apart  from  a  mesh  screen, 
which  arrangement  produces  negligible  confinement  of  combustion  products. 

The  strength  of  the  anticipated  flame  jet  from  a  doorway  or  other 
opening  requires  that  a  normally  constructed  propellant  storehouse  must 
never  be  orientated  to  allow  the  jet  to  play  on  the  door  or  window  of  an 
adjacent  building.  If  the  building  at  the  exposed  site  is  constructed 
with  concrete  or  brick  walls  without  windows,  integral  concrete  roof  and 
is  orientated  with  doorCs)  away  from  the  potential  explosion  site  it  seems 
reasonable  to  assume  that  communication  of  fire  would  be  effectively 
precluded.  Earth  covered  buildings  would,  of  course,  be  even  more 
effective  fire  barriers.  However,  even  a  simple  inperforate  brick  wall 
should  be  an  effective  fire  barrier  and  not  transmit  the  heat  from  a 
comparatively  fast  burning  propellant  fire  at  the  PES,  Communication 
should  not  occur  provided  the  roof  was  also  a  fire  barrier  and  there  are 
no  gaps  between  roof  and  walls.  Distances  based  entirely  on  Quantity 
would  seem  to  be  more  or  less  irrelevant  in  the  close-in  situation. 


FACTORS  INVOLVED  IN  A  PRACTICAL  PROPELLANT  INCIDENT 


The  duration  of  a  fire  may  be  very  variable,  in  particular  the  lead 
up  time  to  the  maximum  rate  of  heat  emission.  Most  of  the  combustion  will 
take  place  during  a  very  limited  period,  of  the  order  of  5  seconds,  if  the 
high  intensity  fire  surge  does  occur.  Obviously,  if  the  incident  only 
involves  intermittent  bums  of  small  quantities  of  propellant  over  an 
extended  time  the  chances  of  communication  or  injury  are  negligible.  It 
may  be  noted  that  both  the  bare  propellant  stack  and  the  boxed  propellant 
in  a  moderately  strong  storehouse  show  the  same  period  (  ^  sees)  of  high 

intensity  fire.  The  presence  of  boxes  holding  propellant  is  likely  to 
delay  the  onset  of  the  high  intensity  fire  but  not  to  greatly  affect  the 
high  intensity  bum  rate  in  a  moderately  strong  storehouse  (e.g.  brick  walls 
with  concrete  roof). 
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Buildln(t;a  of  allRhtly  ^ronter  strongth  e.g.  of  reinforced  concrete 
with  integrnl  roof,  or  iglooe,  may  by  confinement  provoke  even  faster 
high  intensity  bum  rates. 

The  position  of  the  ‘fireball*  from  a  storehouse  door  will  not 
Approximate  to  the  building  itself  if  radiation  is  being  considered.  Any 
calculntion  of  radiative  heat  transfer  is  likely  to  be  misleading  on  this 
account  since  the  effective  centre  of  the  'fire  ball*  may  bo  50  m  in  front 
of  the  doorway. 

For  concrete  buildings  the  fliune  Jet  produced  may  approach  100  m  in 
length.  Direct  flame  impingement  by  the  jet  may  give  heat  transfer  rates 
up  to  10  times  that  expected  from  radiation  at  distances  of  the  order  of 
tens  of  metres,  typical  of  inter  storehouse  spacings,  A  wall  traverse  may 
be  used  to  deflect  an  anticipated  flame  jot  to  protect  against  direct 
flame  impingement.  Radiation  from  the  buoyant  flame  will  still  occur, 
however,  over  the  top  of  the  wall.  Provided  the  roof  of  the  acceptor 
building  is  fire  resistant  this,  may  be  tolerable.  Windows  are,  of  course, 
transparent  to  heat  radiation. 

Quantity  Distances  based  on  radiant  heat  doses  to  people  may  be 
inadequate  if;  - 

a.  The  radiant  heat  pulse  is  of  much  shorter  duration  than  the 
6  secs  usually  postulated,  (Reference  11)  as  may  be  caused  by 
strong  building  oonfinument, 

b.  Building  orientations  are  not  taken  into  account  unless  well 
positioned  door  traverses  are  used  to  mitigate. 

c.  A  large  quantity  is  stored  in  each  chamber  (or  carried  in  a 

ship's  hold).  Considerations  of  radiation  would  indicate  an  inverse 
square  law  for  Q-Ds.  British  experiments  indicate  that  the  flame 
radius  scales  ns  but  Q-Ds  for  HD  1,3  explosives  are  mostly 

scaled  at  Qt  as  for  detonating  explosives  with,  however,  a  much 
smaller  k  factor.  It  is  well  known  that  large  quantities  of 
propellants  when  stored  underground  can,  when  involved  in  a  fire, 
lend  to  projection  of  the  cover  and  blast  effects  approaching  that 

to  be  anticipated  from  a  similar  quantity  of  detonating  high  explosive. 
It  would  appear  logical,  therefore,  that  Q-Ds  for  HD  1.5  explosives 
be  markedly  less  than  for  HD  1.1  mass  detonating  explosives  for 
quantities  of  the  order  of  a  ton  or  so  (neglecting  the  flame, jet 
effect).  If  the  scaling  increase  were  based  on  Q®*5  or  the 

distance  would  eventually  overtake  the  Q-Ds  for  HD  1,1  explosives 
based  on  QJ.  It  would  be  particularly  convenient  if  this 
occurred  at  a  quantity  'Q'  large  enough  for  the  transition  from 
burning  to  high  order  deflagration  to  be  plau.sible. 
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CONSIPEBINQ  INHABITED  BUILDING  DISTANCES 


The  inhabited  bulldinR  quantity  diatanoes  for  th«  storage  of  HD  ‘l.j$ 
explosives  are  (for  larger  quantities)  currently  calculated  using  the 
distance  functions: - 

D  a  6.4  in  metres  and  kg  (16  feet  and  lb) 
in  NATO  and  UK/MOD,  Refs  1  &  2. 

4  4 

and  Da  3.2  Q’  in  metres  and  kg  (  8  in  feet  and  lb) 
in  USA,  DOD,  Ref. 3. 

It  is  reasonable  to  assume  that  most  accidental  fires  have  occurred 
with  smaller  quantities  of  explosives  (i.e.  10  tonnes  or  less)  since  the 
majority  of  explosives  storehouses  fall  into  this  group.  It  may  also 
reasonably  be  assumed  that  most  incidents  were  due  to  external  effects 
and  not  to  inherent  chemical  instability  of  propellant  material,  which 
can  presumably  be  ruled  out  these  days.  The  practicable  experience  of 
fires  invblving  HD  1.3  explosives  may  have  been  given  undue  weight  in 
setting  out  protection  levels.  The  possibility  that,  for  propellant 
storage  buildings  of  quite  common  design  when  quantities  exceed  a  few 
tons,  the  effects  may  be  quite  disproportionally  more  violent  than 
normal  experience  has  apparently  been  disregarded. 

The  IBDs  prescribed  in  both  NATO  and  UK  for  propellants  are  295l> 
of  those  specified  for  high  explosives.  In  US  military  practice  the 
ratios  range  from  20Eu  for  smaller  quantities  down  to  16^  for  Q  of 
250,000  lb  (110,000  kg).  Again  making  the  point  rather  differently: - 
The  same  spacings  and  presumably  acceptance  of  injury  levels  to  persons 
and  damage,  are  used  by  NATO  and  UK  for  Process  Building  Distances  and 
for  Inhabited  Building  Distances  in  the  USA. 


CONSIDERING  MAGAZINE  DISTANCES 


The  quantity  distances  between  magazines  or  explosives  storehouses 
for  HD  1,3  explosives  are  currently  calculated  using  the  distance 
functions: - 


1  1 
D  =  0,22  in  metres  and  kg  (0.49  W*-  in  feet  and  lb) 

in  NATO  &  UK/MOD,  Refs.  1  &  2. 

4  4 

and  D  a  2.0  Q-*  in  metres  and  kg  (5  in  feet  and  lb) 
in  USA,  DOD,  Ref. 5. 
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The  NATO/UK  value  represents  about  8o?i  of  the  flame  radius  from  an 
unconfined  bare  stack  of  propellant  (Ref. 4).  Since  the  distance  scales 
as  the  square  root  of  the  quantity  it  becomes  progressively  more 
conservative  as  Q  increases.  The  US  DOD  value  being  scaled  as  the 
cube  root  of  the  quantity  becomes  progressively  less  conservative  as  Q 
increases.  (Making  the  assumption  that  the  effect  is  correctly 
represented  by  an  index  approximating  to  0.45).  However,  the  actual 
distances  required  by  the  US  are  longer  for  quantities  up  to  500  tonnes, 
which  may  possibly  be  the  practicable  limit. 

The  inter-magazine  distances  with  barricades  prescribed  in  HATO/UK 
for  propellants  are  2^^  of  those  specified  for  high  explosives  for  1  tonne 
rising  to  82^  for  500  tonnes.  In  US  military  practice^^the  constant  ratio 
is  555^  of  the  US  HD  1.1  Q-D  of  9  feet-and  lb  (3.6  in  metres  and  kg). 

The  NATO/UK  distance  for  HD  1,1  is  2,4  in  metres  and  kg  (6  WT  in  feet 
and  lb) ,  perhaps  a  traverse  (UK)  gives  greater  protection  than  a 
barricade  (US)?  If  a  Q  of  8,5  tonnes  (18,700  lb)  is  considered  as  a 
typical  storehouse  load  then  the  US  tabulated  distance  (Ref. 3)  is 
125  ft  (38  m)  and  the  NATO/UK  value  (Ref  1  &  2)  is  21  m  (69  ft).  One  can 
only  speculate  as  to  the  rationale  behind  the  unusually  conservative 
approach  by  US  DOD  compared  with  NATO.  It  may,  presumably,  be  assumed  that 
it  was  not  based  on  flame  jet  considerations. 


CONCLUSION 

Consideration,  of  some  HD  1.3  quantity  distances  show  many  anomalies 
and  imply  that  the  level  of  protection  they  afford  may  be  inadequate 
compared  to  HD  1.1  and  1,2  explosives  whose  effects  are  better  understood 
It  is  the  strpn^y  held  view  of  the  writer  that  the  behaviour  in  a  fire  of 
boxed  propellants,  and  the  various  types  of  rocket  motor  classified  as 
HD  1,3,  does  not  lend  itslef  to  theoretical  study  nor  to  modelling. 

Large  scale  test  firings  should  therefore  be  carried  out  to  confirm,  or 
otherwise,  the  presently  accepted  quantity  distances.  More  immediately, 
large  quantity  HD  1 .3  storage  facilities  should  be  surveyed  to  ensure 
any  probable  jetting  effects  from  buildings  do  not  produce  an 
unacceptable  communication  hazard. 
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OBJECTIVE  y 

The  objective  of  this  research  was  to  determine  the 
relative  advantages  and  disadvantages  of  various  types  of  fabrics 
and  materials  for  providing  protection  for  employees  against 
flash  fires.  After  determining  the  best  materials  for  thermal 
protection,  design  requirements  for  a  flashsuit,  gloves ; 
visor  assembly  were  to  Le  established. 


BACKGROUND 


The  selection  of  protective  equipment  and  clothing  to 
guard  against  thermal  injury  to  ammunition  and  explosive  workers 
must  have  a  sound  basis  in  fact.  Until  recently  it  did  not.  As¬ 
sumptions  had  been  made  that  protective  equipment  that  has  proven 
itself  adequate  for  civilian  firefighters,  or  for  steel  workers, 
or  for  airplane  fuel  firefighters,  could  be  successfully  used  at 
ammunition  plants.  The  unfortunate  evidence  provided  by  recent 
incidents  and  the  results  of  a  series  of  preliminary  tests  indi¬ 
cated  that  these  assximptions  were  false. 

As  a  result  of  these  discoveries,  a  need  for  re-evalu¬ 
ating  the  protective  qualities  of  the  materials  used  became 
apparent.  Alternative  types  cf  materials  were  considered.  Pro¬ 
duct  descriptions  were  obtained.  The  opinions  of  fabric  manufac 
turers,  of  suit  designers,  and  of  protective  suit  users  were 
solicited . 
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A  bewildering  variety  of  answers  was  obtained.  Dif¬ 
ferent  fabric  manufacturers  used  different  types  of  tests  which 
produced  incompatible  results.  Suit  designers  and  the  users  of 
protective  suits  had  greatly  varying  requirements  to  meet  their 
different  sources  of  thermal  stress.  It  became  apparent  that  the 
only  way  to  have  a  sound  basis  for  selecting  different  fabrics  was 
to  conduct  a  methodical  examination  of  the  thermal  protection  pro¬ 
perties  of  these  fabrics,  and  materials  under  a  standardized  testing 
procedure. 

EXPERIMENTAL  PROCEDURE 

A  series  of  tests  was  designed  to  evaluate  the  properties 
of  protective  fabrics  and  materials  against  various  heat  sources. 
Laboratory  testa  were  conducted  with  a  fixed  heat  source?  field  tests 
were  conducted  with  one  type  of  pyrotechnic  materials;  and  burn  en¬ 
velope  tests  wev-'  conducted  with  quantities  of  different  types  of 
pyrotechnics. 

Laboratory  Tests 

The  laboratory  tests  gave  the  opportunity  to  ch^  ain  r*a- 
liable  and  complete  data  on  the  benefits  of  different  kinds  of 
material.  The  tests  were  conducted  under  controlled  conditions, 
with  a  defined  heat  source,  with  a  fixed  distance  from  the  heat 
sources,  and  with  a  measured  amount  of  time. 

As  a  result  of  extensive  trial  and  error,  a  reliable, 
practical,  and  relatively  realistic  experimental  procedure  was 
developed.  It  consisted  of  exposing  samples  of  fabrics  to  an 
oxyacetylene  torch  for  brief  periods  of  time.  A  mechanical 
shutter  allowed  the  fabric  to  be  exposed  to  the  flame  for  times 
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varying  from  1/.4  second  to  1%  seconds.  The  fabric  was  positioned 
so  that  it  was  in  the  most  Intensely  hot  part  of  the  flame  (2.5 
inches  from  the  orifice)  where  a  thermocouple  consistently  indi¬ 
cated  readings  of  over  2,600°  F. 

Samples  of  different  fabrics  were  exposed  to  the  flame 
while  the  temperatures  on  the  unaluminized  side  were  recorded 
using  thermocouples  and  termperature  indicator  strips.  Thermo¬ 
couples  were  used  for  most  of  the  testing  because,  in  addition  to 
indicating  the  maximum  temperature  reached,  they  could  be  used  to 
determine  the  length  of  time  it  took  to  reach  that  maximum  tempera¬ 
ture  and  the  total  time  that  the  temperature  exceeded  140°  F 
(blistering  will  occur  if  the  base  layer  of  skin  reaches  this 
temperature) . 

The  same  laboratory  test  series  was  conducted  under 
conditions  simulating  the  effects  of  deluge  activation.  Water 
was  discharged  onto  the  aluminized  surface  immediately  after 
the  flame  was  cut  off.  Under  these  conditions,  the  desirable 
characteristics  (lower  maximum  temperature  and  shorter  time 
chove  140°  F)  of  all  fabrics  showed  improvement.  Nevertheless, 
the  same  rank  order  of  fabrics  was  found  to  hold  in  both  the 
dry  and  wet  conditions. 

Additional  tests  were  performed,  using  the  =>?>me  test 
apparatus  and  single  or  multiple  layers  of  under xy...  to-  rabric 
(unaluininized  Nomex  or  cotton)  .  With  the  addition  of  under¬ 
lying  fabrics,  the  desirable  characteristics  of  fabric  protection 
improved.  In  general,  the  same  rank  ordering  of  outer  protective 


fabrics  was  found  to  hold  across  all  combinations  of  underlying 
fabrics.  Greater  variability  in  the  results  was  found.  Previous 
researchers  have  concluded  this  variability  occurs  because  it  is  ' 
impossible  to  keep  the  multiple  layers  consistently  separated 
from  one  test  to  another. 

The  tests  in  the  laboratory  setting  using  the  oxyacety- 
lene  heat  source  permitted  rigid  control  of  the  test  circumstances. 
The  heat  source  characteristics,  the  distance  from  the  flame,  and 
the  time  of  exposure  were  all  controlled  with  some  precision.  As 
a  consequence,  it  was  possible  to  make  an  accurate  comparison  be¬ 
tween  the  protective  properties  of  the  different  fabrics. 

Field  Tests 

In  the  field  tests,  using  pyrotechnic  materials  as  the 
heat  source,  precise  control  of  the  factors  cited  above  was  im¬ 
possible  because  of  variations  in  the  materials,  the  burn  rate, 
and  the  evolution  of  the  burn  sequence.  Nevertheless,  it  was 
necessary  to  determine  to  what  extent  the  results  of  the  labora¬ 
tory  tests  applied  to  the  actual  field  situation. 

The  field  tests  were  performed  v'ith  a  movable  arm 
which  passed  the  sample  of  fabric  or  material  through  the  flame 
of  a  burning  pyrotechnic  pellet  at  a  fixed  rate  of  speed.  For 
most  of  the  test  series,  the  samples  passed  1  inch  over  the  burn¬ 
ing  pellet  and  were  thoroughly  immersed  in  the  flame.  Exposure 
times  varied  from  approximately  0.5  seconds  to  3.0  seconds.  Tem¬ 
peratures  were  recorded  with  quick  response  thermocouples ,  and 
heat  flux  was  measured  with  a  calorimeter.  Most  of  the  tests  were 
performed  with  single  layer  samples,  but  additional  ones  duplicated 
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the  multi-layer  and  simulated  deluge  tests  performed  in  the 
laboratory. 

For  the  most  part,  the  results  of  the  field  tests 
paralleled  those  of  the  laboratory.  The  one  major  difference 
was  in  the  effectiveness  of  inerting  a  layer  of  reflective  foil 
in  the  visor  facepieces.  The  laboratory  tests  had  shown  little 
effect  of  the  foil,  but  with  some  pyrotechnics,  the  foil  greatly 
reduced  the  temperature  increase,  probably  because  of  the  higher 
radiant  energy  generated  by  the  pyrotechnic  material. 

Burn  Envelope  Tests 

The  burn  envelope  tests  were  performed  primarily  with 
various  quantities  of  a  high-range  pyrotechnic  mix  (one  that 
had  the  greatest  caloric  output) .  Additional  tests  were  con- 
iucted  with  mid-range  and  low-range  mixes. 

The  burn  envelope  tests  were  the  most  difficult  to 
jontrol,  to  measure,  and  to  replicate.  Major  differences  in  the 
frowth,  shape,  and  movement  of  the  burn  envelope  from  one  test 
:o  the  next  made  it  impossible  to  ensure  that  samples  mounted  at 
:he  scime  position  were  actually  exposed  to  the  same  thermal 
threat. 

Analysis  of  the  data  showed,  however,  that  the  same 
general  performance  characteristics  of  the  different  test  materi¬ 
als  were  maintained  in  the  burn  envelope  tests.  No  major  dif¬ 
ferences  were  determined,  but  valuable  data  about  the  shape  and 
development  of  the  thermal  threat  from  pyrotechnic  mixes  were 
obtained. 
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RESULTS  AND  DISCUSSION 

The  test  series  generated  volumes  of  data  for  a  wide 
variety  of  samples  under  many  different  test  conditions.  The 
findings  of  the  various  test  series  are  summarized  in  the  follow¬ 
ing  subsections  by  the  major  area  of  interest  -  fabric,  glove, 
visor,  and  burn  envelope  results. 

Fabric  Results  ^ 

Tests  on  various  kinds  of  fabrics  were  performed  with 
25  types  tested  in  the  laboratory  series  and  40  in  the  field 
tests.  Various  weights  and  thicknesses  of  aluminized  and  un¬ 
aluminized  fabric  were  examined.  Table  1  summaries  the  types 
of  fabrics  examined. 


TABLE  1. 


FABRICS  TESTED 


ILAB  riELD 
4  4 

4  4 

9  9 

4  9 

0  9 

*  4 

X  X 

X  10 


TYPE 

KVNOU 

rayon 

KEVLAR 

NOMEN 

EIL.ICA— BaEED 
OTHER  SYNTHETICS 

natural,  risers 
leather 


The  data  from  the  laboratory  tests  and  pyrotechnic 
field  tests  were  in  close  agreement.  Data  from  the  field  tests 
with  single  layers  of  protective  fabric  are  summarized  in 
Table  2  and  illustrated  in  Figure  1.  For  short  duration  exposures. 
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the  differences  between  the  various  fabrics  appear  relatively  In¬ 
consequential;  for  prolonged  exposures,  however,  there  are  signifi¬ 
cant  differences. 

TAB1.E  2. 


TYPICAL  PYROTECHNIC  TEST  RESULTS 


■XPOSURK  riMK  TO  BURN 

t/«  BBO 

1  l/l  BBC 

I.CATMBN 

40 

WI 

KVNOU 

7# 

too 

RAYON 

•1 

OHARRBO 

KKVLAR 

lU 

470 

NOMKX 

140 

007 

COTTON 

IM 

BURIJBD 

PIBBROLAS 

ISO 

470 

SI(.ICA«aAet)iO 

too 

770 

Leather  consistently  performed  the  best.  Kynol-bas^d 
fabrics  also  yielded  good  performance  and  were  generally  superior 
to  other  fabric  blends;  however,  it  is  impossible  to  specify  one 
fabric  as  the  best  under  all  test  conditions,  test  measures,  and 
operational  requirements.  Different  materials  proved  superior 
under  certain  circumstances.  In  general,  however,  Kynol  appeared 
the  best  of  the  synthetic  fabrics. 

The  reason  for  some  of  the  inconsistency  in  results  Is 
apparent  in  the  following  figures.  For  a  short  duration  exposure 
to  pyrotechnics,  the  results  are  relatively  straiyhrforward. 

(See  Figure  2.)  Leather  appears  the  best  with  the  lowest  and 
slowest  temperature  rise.  When  the  exposure  time  is  lengthened 
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figure 


to  3.0  seconds  (see  Figure  3),  the  results  become  confusing.  Is 
it  more  desirable  to  have  a  fabric  with  a  slower  temperature  rise, 
even  though  the  maxium  temperature  attained  is  significantly 
greater  (e.  g. ,  the  Kevlar  as  opposed  to  the  Kynol  S,  or  the  Kynol  A 
as  opposed  to  the  leather) ? 

The  selection  of  fabrics  )3ecomes  even  more  confusing 
when  the  early  temperature  rises  occurring  immediately  after  ex¬ 
posure  to  the  flame  are  excunined.  In  work  operations  where  a 
deluge  system  is  mounted,  the  rapid  onset  of  water  would  dissipate 
the  heat  before  it  could  penetrate  the  fabric,  so  it  would  appear 
that  the  fabric  which  would  delay  heat  penetration  the  longest 
would  be  beat.  However,  while  failure  of  a  deluge  system  is  ex¬ 
tremely  rare,  the  consequences  of  such  a  failure  would  be  more 
disastrous  if  a  fabric  with  a  slow,  but  ultimately  higher,  tempera¬ 
ture  rise  were  decided  upon.  Figures  4  and  5  show  temperature  and 
heat  flux  data  for  a  few  of  the  samples  examined  and  illustrate  the 
problem  in  making  the  selection.  In  general,  however,  by  most 
measures,  leather  is  the  best  material,  and  Kynol  has  qualities 
that  make  it  the  best  of  the  synthetics. 

Multiple  layers  of  Nomex  underclothing  reduce  the  tempera¬ 
ture  rise,  and  the  rapid  onset  of  water  quickly  cuts  the  peak  tem¬ 
perature  and  promotes  cooling.  Tests  with  multi-layer  and  with 
simulated  deluge  conditions  are  illustrated  in  Figure  6.  Despite 
the  added  protection  provided  by  multiple  layers  of  clothing  and 
the  deluge  system,  the  major  protection  is  afforded  by  the  outer 
layer,  and  the  selection  of  that  material  determines  the  additional 
effectiveness  of  other  measures. 
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EARLY  TEMPERATURE  RISES  FOR  3.0  SECOND  PYROTECHNIC  EXPOSURE 

Figure  4. 
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Materials  which  were  unalumlnlzed  showed  substantially 
lower  peak  temperatures  under  the  deluge  conditions.  Table  3 
summarizes  representative  tests  with  some  materials  tested  with 
pyrotechnic  burns. 

TABLE  3. 

COMBINED  MULTI-dJkYER  AND  DELUGE  TESTS  WITH  PYROTECHNICS 

TEMPERATURE  INCREASES  (  ^F) 


KVNOU 

RAVON 

LBATHBR 

KVNOt. 

DRY  CONDITION 

AIAJM. 

AUUM, 

UNAUUM, 

UNA1.UM 

•  INai-K  CAVKR 

45 

a 

T7 

^uua  ONB  LAVBR  NOMBX 

U 

44 

44 

40 

RUje  TWO  LAVBRB  NOMBX 

DELUGE  CONDITION 

•  1 

44 

44 

SINOl^  CAVBN 

•1 

•4.5 

41 

14 

Rl-ua  ONB  UAVBR  NOMBX 

44 

Tt 

10 

■4 

NLiUC  TWO  UAVBRB  NOMBX 

M 

47 

14 

4 

\  The  aliunlnlzatlon  process  makes  materials  relatively  waterproof 

and  retards  the  cooling  effect  afforded  by  the  water.  Although 

the  aluminization  does  have  this  disadvantage,  the  advantages  demon¬ 
strated  in  prolonged  burns  in  the  laboratory,  field,  and  burn  enve¬ 
lope  tests  provide  compelling  evidence  that  its  use  is  warranted. 

In  working  with  pyrotechnics,  it  is  possible  that  the  suit 
or  gloves  may  be  wetted  with  acetone,  alcohol,  or  water  during  some 
stage  of  the  process.  In  order  to  determine  if  any  of  these  wetting 
agents  would  have  an  adverse  effect  on  the  protection  offered  by 
a  fabric,  special  laboratory  and  field  tests  were  conducted.  A 
summary  of  some  of  the  data  from  the  field  tests  is  provided  in 
Table  4. 
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TABLE  4. 

EFFECTS  OF  WETTING  AGENT  ON  PYROTECHNIC  PROTECTION 

TKMPKRATUIIS  INORBASK  ••  DKaRBK*  F 


BARRIO 

ORV 

AUCOHOL 

AORTONB 

WATRR 

KVNOl., 

UNAL.UMINIBBO 

IW 

•« 

4t 

M 

KVMOL., 

AUUMINIBBD 

M 

Vt 

■1 

II 

RAVON. 

AI.UMINIIBO 

tv 

M 

II 

II 

In  neither  series  of  teste  was  the  protection  Impaired}  all  wetting 
agents  resulted  In  a  reduced  temperature  peak.  There  was  some 
variation  In  the  effectiveness  of  the  enhanced  protection.  In  the 
most  prolonged  burns  of  the  pyrotechnic  tests,  the  acetone  apparently 
evaporated  more  rapidly  than  It  did  In  the  oxyacetylene  tests,  be- 
cause  no  appreciable  cooling  effect  could  be  noted. 

During  the  course  of  use  of  a  protective  fabric  suit, 
the  aluminization  may  exhibit  cracking  or  abrading.  Tests  were  con¬ 
ducted  to  determine  to  what  degree  those  conditions  reduced  protec¬ 
tion.  Surprisingly,  In  both  the  laboratory  and  field  tests,  the 
worn  fabrics  generally  showed  protection  as  good  as.  If  not  better 
than,  new  material.  Figure  7  sximmarlzes  the  typical  results  from 
the  laboratory  tests.  The  Improved  protection  appeared  to  have 
resulted  from  the  Increased  thickness  of  the  fabric  caused  by  the 
repeated  flexing  and  bending  which  caused  the  cracking  or  abrasion. 

On  prolonged  exposure  to  a  high  thermal  threat,  the  Intact  alumini¬ 
zation  proved  superior,  but  for  a  wide  range  of  other  exposure  con¬ 
ditions,  the  used  fabric  samples  were  frequently  superior. 

The  leather  samples  examined  In  the  main  body  of  tests 


proved  to  be  consistently  superior,  but  their  weight  was  approxi¬ 
mately  twice  as  heavy  as  the  heaviest  synthetic  fabric.  It  had 


WORN  FABRIC  TEST  RESULTS 


Fabric 

Condition 

Increase  in 
Temp.  (®  F) 
Above  Ambient 

Time  (Sec) 
to  Peak 
Temperature 

Time  (Sec) 
Above  140® 

Unused  Rayon 

92.0 

2.0 

52.0 

Used  Rayon: 

Good  Condition 

85.5 

3.6 

31.4 

Slightly  Abraded 

84.5 

3.5 

23.0 

Cracked  Surface 

78.0 

3.0 

19.2 

Heavily  Abraded 

76.0 

3.0 

20.5 

*  Samples  of 

fabric  exposed  to 

2600"  P  for  1/2 

second . 

Figure  7. 
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b«en  found  throughout  the  tests  that  the  degree  of  thermal  pro¬ 
tection  generally  showed  some  correlation  to  the  weight  and 
thickness  of  the  samples  examined.  Additional  tests  with  pyro¬ 
technic  sources  were  conducted  with  a  wide  range  of  weights  and 
thicknesses  of  leather.  The  results  are  summarised  in  Table  5 
and  show  that  while  there  is  some  correlation  of  the  weight  of 
the  leather,  the  aluminized  leathers  gave  substantially  better 
protection  than  did  other  leather  samples  of  greater  weight. 

TABLE  5. 


IHO  OHS  TVMI  OP  PABHIO  IS  BSSV  KOH  Al-U 
TEST  OONOITIONS 
MBASURSMBHT  PROOSDURBB 
OMtHATIONAL.  ORITBNIA 
KVNOI.  SBNBIIAI.I.V  SAVE  THB  SBST  RBSUI.TS 
BOH  SVNTHBTIOS 

UMTMBR  PENBORMBO  THE  BEST  OB  At.1. 

BUT  AT  IHOREABBD  WEIBHT 
AL-UMINIBATION  IB  BBHEBIOIAU  BOR 
HIBH  THERMAL.  THREATS 
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Glove  R<»ult« 

Teste  were  performed  on  a  variety  o£  gloves  and  of 
glove  materials  in  both  the  laboratory  and  field  test  series. 
Although  tests  were  conducted  with  the  gloves  Intact,  data  was 
also  collected  from  tests  in  which  the  glove  was  taken  apart 
and  the  sensor  reassembled  in  ouch  a  way  that  the  location  of 
the  sensor  with  respect  to  the  liner  and  outer  layer  could  be 
consistently  positioned.  Data  collected  with  the  glove  materials 
reassembled  in  this  manner  tended  to  be  more  consistent. 

The  different  gloves  exhibited  greatly  varying  degrees 
of  protection.  As  with  the  fabric  tests,  leather  gloves  gener- 
ally  gave  the  best  protection.  Synthetics  could  match  the  pro¬ 
tection  afforded  by  the  leathers  only  by  greatly  increasing  their 

thickness.  (See  Figure  8  and  Table  7.) 

TABLE  7. 

GLOVE  MATERIAL  PYROTECHNIC  TESTS 


TSMFKRATUm 

WITHOUT 

uiHsn 

AUUMIHISKO  LJCATMKR  IM 

WITH 

linkr 

TO 

WORK  URATHSR 

•• 

M 

PMOKIN 

ISt 

•4 

KNIT  NTNOC. 

IIS 

m 

KRVIAR  4 

•M 

tM 

KSVI.AR  1 

m 

IM 

PISSRaUA* 

m 

HI 

Liners  enhanced  the  degree  of  protection  afforded  by 
any  other  material.  A  problem  with  many  pyrotechnic  operations. 


1/2  Second 


Work 


Figure  8(b).  Effects  on  Gloves  of  1  Second  Laboratory  Test  Burns. 

Top  Row:  Kelnit;  Asbestos;  Aluminized  Rayon;  Aluminized  Fiberglas 
Bottom  Row;  Leather;  Work  Leather;  Aluminized  Leather;  Aluminized 
Kevlar;  Knit  Kynol. 
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however,  is  that  a  substantial  degree  of  flexibility  and  sensi> 
tivity  is  required  for  performing  the  work.  Liners  generally  en¬ 
cumber  the  operation  and  could  prove  to  be  a  greater  safety 
hazard  than  a  help. 

Visor  Results 

Tests  were  performed  with  different  visor  faceshield 

« 

materials  in  single  and  multiple  layer  tests.  Table  8  summarizes 
the  results  for  the  laboratory  tests  performed  with  visor  assemblies. 
Figure  9  shows  the  test  apparatus  for  the  laboratory  test  of  the 
visors,  and  Figure  10  shows  the  results  of  burn  tests  of  visor 
shields. 

The  results  of  the  pyrotechnic  tests  varied  from  those 
of  the  laboratory  in  that  the  reflective  foil  proved  to  make  a 
substantial  contribution  to  reducing  the  thermal  threat.  (These 
results  are  discussed  in  a  separate  report.) 

With  all  of  the  visor  tests,  the  temperature  rise  in  the 
multi-layer  assemblies  was  substantially  lower  than  than  obtained 
under  similar  conditions  with  protective  fabrics.  For  protection 
against  damage  to  the  inner  shield  and  for  enhanced  thermal  pro¬ 
tection,  a  dual  layer  shield  should  be  used.  Reflective  foil 
should  be  used  against  certain  types  of  pyrotechnic  threats  with 
high  radiant  outputs.  An  inner  shield  of  l/8th  inch  Lexan,  an 
air  gap,  and  an  outer  shield  of  .040  acetate  provides  optimal 
protection. 
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visor  c3onbinations  exposed  to  2600*  F  for  one  second 


Prolonged 


Burn  Envelope  Results 


The  burn  envelope  teste  were  designed  to  determine  the 
extent  to  which  the  flame  generated  by  a  burning  pyrotechnic  mix 
would  expand.  Samples  of  fabric  were  mounted  on  test  stands  to 
determine  the  temperature  rises  experienced  within  the  burn  enve 
lope. 


There  were  found  to  be  massive  differences  between  vari¬ 
ous  pyrotechnic  mixes  in  the  heat  output,  the  area  and  volume  the 
burn  envelope  would  occupy,  and  the  duration  of  the  burn.  Examina¬ 
tion  of  paper  tape  indicators  and  a  review  of  single  frames  of 
motion  pictures  and  videotapes  showed  that  the  border  of  the 
burn  envelope  was  sharply  defined  but  that  the  shape  was  con¬ 
tinually  changing. 

As  a  result  of  these  variations  in  the  flame  envelope, 
samples  exposed  to  the  burn  received  various  amounts  of  thermal 
insult,  and  consistent  results  for  samples  located  at  the  same 
place  in  the  field  could  not  be  obtained.  Nevertheless,  by  com¬ 
puting  the  averages  of  the  rank  order  of  effectiveness  of  the 
tested  samples  at  each  location,  a  generalized  ordering  of  the 
effectiveness  of  the  fabrics  could  be  obtained.  When  this  was 
done,  as  is  shown  in  Table  9,  leather  proved  to  be  the  best,  with 
the  two  varieties  of  aluminized  Kynol  in  the  following  places. 


TABLE  9. 

BURN  ENVKLOPC  FABRIC  TEST  RESULTS 


LaATNSR,  Al.UMll4(SSe 

RAVON,  AUiMIRISRO  t 

R 

KVMOU.  AUtMIHISSe  S 

M*« 

KCVkAR.  AUUMINISSe  V 

R.t 

KVMOV.*  AUIMINIZSB  A 

R 

RIRSRRLAR.  AkUMINIXBO 

R 

KYNOi.,  UMAiaiMINISSO 

R 

HOMRX,  AMJMINIXKD 

« 

RAVQN,  AlAIMINISSD  U 

R.» 

KSVI.AR.  URAUIM,  4 

R 

RANK  ORORR 

AVRRAase  OR 

TRN  TYRSR  OF  RARRIOR 

(>85 


Summaries  of  the  findings  for  the  temperatures  recorded 
on  fabrics  exposed  to  a  16-ounce  burn  of  a  high-range  pyrotechnic 
mix  are  indicated  in  Figure  11.  The  temperature  readings  are  those 
obtained  at  positions  approximately  two  feet  apart  above  and  away 
from  the  pyrotechnic  source.  Similar  readings  are  shown  for  three 
quantities  of  pyrotechnic  mix  in  Figure  12. 

The  rayon  appeared  to  give  substantial  protection  on  some 
of  these  burns#  but  the  protection  was  afforded  by  the  char  which 
developed  over  the  sensor.  When  the  fabric  was  touched,  it  crumbled. 
For  a  protective  suit,  this  protection  afforded  by  the  char  would 
be  illusory.  In  conducting  these  tests,  all  fabrics  were  routinely 
examined  to  determine  if  spurious  results  such  as  this  should  have 
been  discounted. 

It  should  be  noted  that  the  temperatures  recorded  were 
obtained  with  temperature  Indicator  strips.  These  strips  are 
sensitive  to  both  the  total  temperature  and  the  duratioa  of  the 
rise,  so  it  is  unlikely  that  they  represent  the  actual  temperature 
attained  behind  the  protective  fabrics.  Despite  this  drawback, 
they  do  permit  comparison  of  the  results  of  one  fabric  with  those 
of  another,  and  they  allow  the  slmultanteous  sampling  of  many 
more  fabrics  than  would  have  been  possible  by  other  means. 

Despite  the  variations  introduced  by  the  experimental 
constraints  of  the  burn  envelope  tests,  when  the  results  are  ex¬ 
amined  in  conjunction  with  the  more  rigidly  controlled  laboratory 

»  * 

and  field  tests,  they  do  appear  to  be  consistent  with  the  earlier, 
more  accurate  and  replicable  findings/  and  for  that  reason,  appear 
to  reflect  a  basic  validity  common  to  all  three  test  processes. 
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TEMPERATURES  RECORDED  BEHIND  PROTECTIVE  FABRICS  ABOVE  16 
OF  BURNING  HIGH-YIELD  PYROTCCHNIC  MIX 
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Figure  12 


PROTECTIVE  CLOTHING 


O 


A  continuing  effort  Is  being  made  to  apply  the  findings 
from  this  series  of  tests  to  the  development  of  an  Improved  pyro¬ 
technic  suit  and  to  the  selection  of  gloves  and  other  protective 
gear  for  pyrotechnic  operators. 

Certain  objectives  were  established  as  essential  for 
the  improved  flashsuit.  It  mustt 

e  Permit  unassisted  and  quick  removal, 
e  Allow  routine  body  and  arm  movements, 
e  Cover  the  head  and  torso  completely. 

•  Provide  an  uninterrupted  front. 

e  Seal  flaps  and  overlaps  effectively, 
e  Allow  a  clear  view  of  the  operating  area, 
e  Provide  for  air  cooling  with  an  automatic  disconnect. 
Other  objectives  were  established  as  desirable.  The  suit  should: 
e  Weigh  less  than  10  pounds, 
e  Permit  unassisted  entry. 

•  Require  as  few  discrete  actions  as  possible  when 

putting  the  suit  on. 

e  Allow  operators  direct  access  to  fresh  air 

via  a  detachagle  hoodplece  or  hinged  visor 
facepiece. 

After  attempting  over  ten  prototype  designs,  the  essential 
characteristics  have  been  met,  but  the  desirable  characteristics 
could  not  be  completely  satisfied.  Figure  13  depicts  one  of  the 


latest  models  of  a  suit  meeting  the  essential  characteristics. 


Continued  efforts  are  being  made  to  Increase  the  comfort 
and  ease  of  entry  into  the  protective  sulti  and  to  Incorporate  the 
latest  findings  into  providing  for  increased  protection.  At  the 
current  time,  the  following  recommendations  (see  Table  10)  reflect 
the  most  recent  developments. 

TABLE  10. 

SUIT  DESIGN  .  RECOMMENDATIONS 

KVNOL.  PAARIO  POR  THK  ROOV 
UCATHBR  POR  THB  ARMS  AND  HOOD 
ALUMINIZATION  POR  HlOH  THRRMAL.  THRRAT 
AIRaCOOUINa  WITH  AUTOMATIO  DIOOONNBCT 
INTZORAL.  SUIT  ANO  AIR  VRRT  PACKAOZ 
DUAL.  LAVZR  VIOOR  WITH  POIL.  A*  RZeuiRRD 

It  must  be  emphasized  that  while  the  objective  of  this 
research  has  been  to  develop  thermal  protection,  the  most  effective 
thermal  protection  is  the  removal  of  the  operator  from  hazardous 
operations.  Concurrent  efforts  are  being  undertaken  at  Lone  Star 
Army  Ammunition  Plant  to  remote  the  most  hazardous  pyrotechnic 
operations. 


Even  when  most  of  these  operations  have  been  successfully 
automated,  there  will  always  remain  the  necessity  to  provide  personal 
protection  for  maintenance  and  other  individuals  who  will,  of  ne¬ 
cessity,  come  into  proximity  to  pyrotechnic  operations.  The  data 
obtained  by  these  tests  will  therefore  continue  to  prove  of  benefit 
in  attempting  to  provide  the  most  effective  thermal  protection  to 
those  engaged  in  pyrotechnic  operations. 


Th«  vitwt,  opinions,  snd/or  findings  eontsinod  in 
this  irsport  ars  thoss  of  ths  authors  and  should  not  ba  con- 
strusd  as  an  official  Oopartmant  of  tha  Army  position,  policy, 
or  daoision,  unions  dasignatad  by  othar  doounantatlon. 


Tha  data  and  conclusions  containad  harain  ara  baaad  on 
work  baliavad  to  ba  raliabla;  howavar,  wa  cannot  and  do  not  guarantaa 
that  similar  results  and/or  conclusions  will  ba  obtainad  by  others, 
and  wa  do  disclaim  any  liability  resulting  from  the  use  of  tha 
oontants  of  this  raport. 


APPENDIX 
TECHNICAL  DATA 


Table  11. 

Pyrotechnic  Mixes  Used  in 

Bunt  Envelope  Tes 

Type  of  Nix 

Catecorv 

Heat  Output 

N13  Tracer 

High  Yield 

2774  oal/gn 

11692  Delay 

Nediun  Yield 

1807  cal/gm 

11549  Delay 

LOW  Yield 

583  cal/gn 

692 


Table  12.  Fabriea  Used  in  Pyrotechnic  Tests 


Category 

Description 

.Height 

(os/yd^) 

Thickness 

Temperature  Rise  (^) 

Code 

(inches) 

After  Timed 
0.5  see 

Ei^sure 

2  sec 

KYNOL 

YA 

alum.  AKI 

17.2 

.053 

74.5 

302 

YS 

alum.  Amatex 

22.9 

.063 

85.5 

199 

YU 

unal.  Amatex 

19.0 

.064 

78.5 

326 

YK 

unal.  Knit 

27.4 

.064 

— 

132 

BAYON 

RU 

alum.  Gentex  1017  (used) 

19.1 

.053 

81 

222.6* 

R6 

alum.  Gentex  1006 

14.9 

.031 

78.5 

351.6* 

R7 

alum.  Gentex  1017 

19.9 

.041 

89.5 

158* 

R9 

alum.  Gentex  1019 

18.8 

.044 

70 

194.6* 

KEVLAR 

KM 

alum.  Gentex  1090 

9.1 

.030 

138 

Burn** 

KV 

alum.  Fy repel 

11.3 

.025 

97 

681.5 

KH 

unal.  Amatex  11HT26 

10.7 

.040 

149.5 

476 

K4 

unal.  Amatex  22PT7 

21.9 

.073 

64 

299.8 

XF 

unal.  Flextra 

15.3 

.053 

131 

472 

NOMEX/ARAMID 

MG 

alum.  Gentex  1055 

13.3 

.083 

62 

Burn** 

MM 

alum.  Gentex  1056 

10.0 

.019 

231 

Burn** 

NO 

alum.  Fyrepel  lOos 

11.4 

.025 

112 

Bum** 

N3 

alum.  Gentex  1053 

4.8 

.012 

140 

Burn** 

MC 

alum.  Fyrepel  check 

4.7 

.018 

222 

Burn** 

MB 

alum.  Fyrepel  black 

9.8 

.018 

150 

587 

SILICATES 

SR 

unal.  HAVBG  S4CH  red-back 

22.9 

.029 

75 

726 

SH 

unal.  HAVEG  188CH 

40.4 

.053 

92 

256 

SB 

unal.  HAVBG  84CH 

18.9 

.031 

133 

840 

SC 

unal.  HAVEG  UC-100-48 

19.0 

.031 

lie 

771 

SRF 

unal.  Befrasil 

19.6 

.034 

91 

895 

OTHER  SYNTHETICS 

PG 

alum.  Gentex  Fiberglass 

15.4 

.020 

150 

624 

PR 

alum.  Gentex  Preox 

16.7 

.037 

82.5 

666.6 

GT 

unal.  Amatex  24PT73MR 

24.0 

.073 

74 

237 

GN 

unal.  Amatex  16HT65MR 

16.0 

.052 

70 

535.3 

LEATHER 

CR3 

unal.  Cream  grain 

20.2 

.053 

mum 

97.9 

BU3 

unal.  Buffed  grain 

20.8 

.055 

mm 

106.5 

BL3 

unal.  Chrome  split 

26.2 

.066 

— 

100.8 

BU 

unal.  Chrome  split 

39.5 

.062 

— 

104.6 

LA3 

alum,  split 

33.8 

.062 

40.5 

63.3 

LA4 

alum,  split 

44.7 

.058 

— 

87.6 

SC4 

unal.  split 

44.8 

.069 

36 

— 

TH4 

unal.  Thermaleather 

39.4 

.072 

79.7 

LAS 

alum,  split 

39.7 

.069 

45 

70.0 

BL5 

unal.  Chrome  split 

50.0 

.087 

«- 

80.6 

OTHER  ORSMIICS 

CO 

alum.  Gentex  1003  Cotton 

14.0 

.025 

124 

Bum 

MO 

alum.  Gentex  1009  Mool 

20.5 

.069 

63 

114.3 

*  Charred  and  disintegrated  (insulated  themoootQ>le  gave  false  reading) . 

**  Burned,  awlted,  shriveled,  or  otherwise  destroyed. 
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FXGam  14. 

Typical  Taat  Raaulta  for 

Sanplaa  of  Fabrics  Exposed  to  Temperatures  in  Excess  of  2600 

for  0.5  Seconds. 


Figure  14 (ail.  Side  Exposed  to  Flame. 
Figure  14(b).  Side  Opposite  Flame. 


In  both  figures,  the  samples  are  displayed  in  the  following  order i 


Top  Row,  Left  to  Right! 

Rayon,  Used 
Rayon,  1006 
Rayon,  1017 
Rayon,  1019 
Preox 

Second  Row,  Left  to  Right: 
Kynol,  AKI 
Kynol,  Suit,  Amatex 
Kynol,  Unaluminized,  Amatex 
Mmmx,  1055 
Ncmiex,  1056,  Thin 
Nomex,  10  os..  Thick 


Third  Row,  Left  to  Right t 
Nomex,  1053,  Check 
Kevlar,  1090 
Kevlar,  V 
Kevlar,  IIHT 
Kevlar,  22PT 
Kevlar,  Flextra 
Cotton,  1003 

Bottom  Row,  Left  to  Right 
Wool,  1009 
Refrasil 
Fiberglass 
Leather,  3 
Leather ,  5 

Leather,  Unaluminized 
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Figure  14(a).  Laboratory  Test  Samples 


E: 

f 

, 


I 

I 

i 


f 

I' 


! 


igure  14(b).  Laboratory  Test  Samples  (Side  Opposite  Flame) 


mmmm 


FIGURE  IS. 

Typical  Test  Results  for 

Sandies  of  Fabrics  Exposed  to  High  Yield  Pyrotechnic  Bum 

for  0.5  Seconds. 


Figure  15(a).  Pyrotechnic  Test  Samples  (Side  Eiqposed  to  Flame). 
Figure  15(b).  Pyrotechnic  Test  Sandies  (Side  Opposite  Flame). 

In  both  figures,  the  samples  are  displayed  in  the  following  order: 


Top  Row,  Left  to  Right: 

YS  Kynol,  Suit,  Amatex 
YA  Kynol,  AKI 

YU  Kynol,  Ualuminized,  Amatex 
R6  Rayon,  1006 
R7  Rayon,  1007 

Second  Row,  I<eft  to  Right: 

KV  Kevlar,  V 
KF  Kevlar,  Flextra 
K4  Kevlar,  400 
KH  Kevlar,  KH 
N3  Momex,  1053 
NB  Nomex,  Black 
NB  Momex,  Black 


Third 

Row,  Left 

to  Right: 

SC 

Silicate, 

UC  100-48 

SB 

Silicate, 

84CU 

SH 

Silicate, 

188CH  thick 

SR 

Silicate, 

red  backing 

FG 

Fiberglass 

PR 

Preox 

GN 

NorFab , 

16HT  65WR 

GT 

NorFab , 

24PT  ‘73WR 

Bottom  Row,  Left  to  Right: 

UA 

Leather 

unal (L5) 

L5 

Leather 

L5 

L3 

Leather 

L3 

WO 

Wool 

wool 

Figure  15 (a).  Pyrotechnic  Test  Samples  (Side  Exposed  to  Flame) 


Pyrot.echnic  Test  Sainpies  (Side  Opposite  Fiarte) 


ew  of  Leather  and  Aluminized  Kynol  Flashsuit  emd 
Showing  Suit  Being  Placed  over  Air  Cooling  Vest. 
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EXPLOSIVES  RISK  MANAGEMENT  SYSTEMS 
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Safety  Senlnar 
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Lloyd  L,  Philipson 
J.H.  Wiggins  Company 
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ABSTRACT 


An  investigation  sponsored  hy  the  National  Science  Foundation  has  produced 
as  one  of  its  results  a  survey  and  evaluation  of  risk  analysis  method¬ 
ologies*  This  paper  presents  some  implications  of  the  survey^^^  to  risk 
analysis  and  decision  making  for  explosives  hasards  such  as  may  ultimately 
he  implemented  in  the  Navy's  proposed  NOHARN  System  and  other  similar 
systems  that  may  he  contemplated  hy  DoD  organisations*, 

GLOSSARY 


The  prohahility  distribution  for  the  occurrences,  due  to  faults  or  failures, 
or  external  events,  of  a  set  of  possible  losses,  such  as  given  numbers  of 
casualties,  deriving  from  a  given  activity,  such  as  the  operation  of  a 
specified  facility  under  specified  conditions  for  a  particular  period  of 
time.  Risk  is  often  also  used  to  mean  the  product  of  the  probability  and 


(0 Supported  under  Grant  No.  PBA-80O7228.  Any  opinions,  findings,  and 
conclusions  or  reconaendationr  expressed  hers  are  those  of  the  author 
and  do  not  necessarily  reflect  the  views  of  the  National  Science 
Foundation. 


aagnltud*  of  a  givaa  loaa,  or  tha  aua  of  suoh  produota  ovar  all  tha  poaalbla 
loaaaa,  l.a.,  tha  expeotad  loaa.  Individual  riak  la  tha  probability  of  a 
glvan  loaa  (a.g.,  an  Injury)  ooourrlng  to  any  maabar  of  tha  axpoaad  popu> 
lation.  Qroup  or  aoolatal  rlak  la  tha  probability  that  a  givan  numbar  of 
Indlvlduala  will  suffar  a  givan  loss. 

Rlak  Aaaaaamanb 

Tha  intagratad  analyala  of  tha  rlaka  of  an  activity,  ayatam  or  facility  and 
thalr  algnlfloanoa  In  an  appropriate  context.  It  Incorporatea  rlak  aati- 
matlon  and  rlak  evaluation. 

Rlak  Batlaatloa 

Tha  atatlatloal,  analytloal  and/or  Judgmental  modeling  procaaa  leading  to  a 
quantitative  eatlmata  of  a  given  rlak. 

Rlak  Evaluation 

The  appralaal  of  the  algnlflcance  of  a  given  measure  of  rlak,  aa  for 
example,  tha  comparison  of  tha  expected  number  of  casualties  per  year  from  a 
apeolflad  facility's  operation,  with  that  from  a  number  of  other,  generally 
"aooeptad"  sources  of  risk;  or  the  appraisal  of  the  risk  of  such  casualties 
In  relation  to  the  aoolo-economlo  benefits  of  Its  acceptance. 

Risk  Management 

The  process  whereby  decisions  are  made  to  accept  a  known  rlak  or  haaard  or 
to  eliminate  or  mitigate  It.  Trade-offs  are  made  among  Increased  cost, 
schedule  requirements  and  effectiveness  of  redesign,  or  retraining.  Instal¬ 
lation  of  warning  and  safety  devices,  procedural  changes,  and  contingency 
plans  for  emergenoy  actions. 


INTRODUCTION 

V 

The  application  of  probability-based  decision  criteria  in  explosives  safety 
management  appears  to  be  gaining  some  ground  at  present  in  the  military. 
Computer  implementations  of  this  application  as  management  decision  support 
systems  are  being  considered.  This  has  been  due  to  the  Inoreaslogly  evident 
Inadequacies  and  costliness  of  the  traditionally’  employed,  purely  con- 


704 


■•qu«ao«*orlAnt«t«d,  Explo«lY««-3af«ty-Quantlty-Dist«ac«  (BSQD)  aaftty 
daolslon  orltarla*  In  p«rtloular»  tht  Navy  haa  oarriad  to  tha  prallmlnary 
raqulrananta  dafialttoa  8ta«a  tha  NOHARM  (Naval  Ordoanoa  Haaarda  Analyals 
and  Rlak  Nanagamant)  Syatan  oonoapt  for  aiding  daoision  making  on  tha  ax- 
ploaivaa  haaarda  in  tha  tldavatar  araaa  of  Navy  baaaa  [l],  [z],  [?],  [4]« 
[s]*  Tha  Waatam  Spaoa  and  Niaaila  Cantar  at  Vandenbarg  Air  Foroa  Baaa  haa 
initiatad  tha  oonoaptualiaation  of  an  analogoua  syatan,  PBRNA  (Probabiliatio 
Bxploaivaa  Rlak  Nanagamant  Aaaiatanoa),  aa  a  probability-baaad  aid  to  aafaty 
daoialon  aaking  on  rookat  launoh  aupport  faoilitiaa  [6].  Tha  ganaral 
oonoapt  pf  an  axploaivaa  riak  nanagamant  ayatam  ia  akatohad  in  Figura  1 . 

Vhila  tha  ballaf  in  tha  valua  of  auoh  axploaivaa  (and  othar  haaarda »  aa 
vail)  riak  nanaganant  aupport  ayatana  haa  raoantly  atrangthanad,  it  ia 
nevarthelaaa  alao  ganarally  raoognlaad  that  tha  aatiafaotory  implaaantation 
of  tha  riak  analyaia  funotiona  of  thaaa  ayatana  la  not  aaay,  in  larga  part 
due  to  tha  ahortooninga  of  tha  data  baaea  and  fundamantal  phyaioal  inform¬ 
ation  available  for  tha  oarrying  out  of  theae  funotiona.  Furthermora,  it  la 
wall  undaratood  that  the  philoaophioal  foundationa  for  tha  application  of 
probability-baaad  aafaty  daoialon  oritaria  where  people  are  oonoarnad  are 
not  yet  firmly  aat,  not  only  in  the  military  but  in  aooiaty  at  larga. 

A  recently  completed  review  for  the  National  Soianoe  Foundation  of  riak 
aaaeaanent  niethodologiea  and  the  unoertaintiea  that  ariaa  in  their  varioua 
forma  and  applications  haa  attempted  to  throw  some  light  on  these  problems 
and  on  the  various  approaohea  to  their  possible  resolution,  or  at  least 
amelioration,  that  have  bean  oonsiderad  [?].  Tha  intention  of  the  present 
paper  ia  to  draw  from  this  general  review  some  pertinent  implications  to 
explosives  risk  management  procedures.  For  the  sake  of  brevity,  only  those 
espeoially  oritioal  prooaduras  will  be  oonsiderad  here  that  are  involved  in 
(l)  the  estiiaatlon  of  the  oocurranca  probabilities  of  mishaps  involving 
explosive  materials,  and  (z)  tha  use  of  risk  estimates  in  tha  risk 
aooaptabillty  and  risk  mitigation  oost-benafit  evaluations  that  would  be  tha 
basic  outputs  of  explosives  risk  management  assistanoe  systems.  The  oontoxt 
of  these  spaoifio  oonslderatlons  is  first  introduced  in  a  disousaion  of  a 
general  risk  estimation  model  and  of  the  general  objaotlvas  of  risk 
evaluation. 
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Explosives  Risk  Hanagooent  Syste*  Concept 


liniJHBMWimifni'i  n  n  iniiMH(iuinimin(f.nim 


Tha  q*a>r>l  Rl«k  tottaatlon  Proo»>« 

Poaai\>la  losaaa  (fatalitlas,  Injurlas,  proparty  daaaga,  alaalon  dalaya) 
aoorua  froa  aa  axploalvaa  handllng»  tranaport  or  atoraga  aotivity  aa  tha 
raault  of  oartaln  aaquanoaa  of  avaata.  Aa  illuatratad  la  Flgura  2,  thay  aay 
gaaarally  ba  oonaidarad  to  laoluda  tha  ooourraaoa  of  a  primary  avaat,  auoh 
aa  aa  aqulpaaat  falluroi  a.g*,  of  a  oraaa,  that  laada  to  aa  inltiatad  avaat 
(tha  ooourraaoa  of  a  partioular  aiaiMp  or  aooidaat),  auoh  aa  tha  dropplog  of 
an  ordaaaoa  ltaa»  k  raaotioa  oooura  aad  a  ooataiaar,  auoh  aa  tha  ordoanoa 
Itaa'a  oaalag*  rupturaa  aad  ralaaaaa  Ita  aatarlal  or  aaargy  ooataat,  aad 
gaaarataa  tharaby  oaa  or  aora  poaaibla  affaota,  a.g.,  a  fira»  aa  axploaloa 
of  a  givaa  ylald  that  produoaa  blaat»  fragmaata,  ato.  Whaa  thay  iapioga 
upoa  aooa  targat  atruotura  (adjaoaat  paopla»  buildinga,  ato.)  thaaa  affaota 
laduoa  oartaia  ooaaaquaaoaa  aad  loaaaa  (auabar  of  oaaualtiaa,  ato.).  Tha 
affaota  aad  loaaaa  may  oobur  with  a  ranga  of  poaaibla  magaltudaa.  Tha 
loaaaa  may  ba  traatad  aa  ladlvldual  oaaauraa  (auobara  of  fatalltlaa, 
iajurlaa  of  apaolflad  aavarltlaa.  proparty  daoaga),  or  thay  may  ba  lata- 
gratad  Into  a  alogla  oaaaura,  auoh  aa  aqulvalant  dollara. 

MISHAP  EVENTS  MODEL 


*or  Mishap  Occurrence 


H 


Tlgura  2.  Qanaral  Rlak  Batloatloa  Prooaaa 


Tha  probability  of  ooourraaoa  of  aaoh  avant  la  thao  aatlmatad,  or,  for 
affaota  and  loaaaa,  parhapa  only  aa  avaraga  aagaltuda  or  a  "oradlbla  vorat- 
oaoa  aagaltuda"  aay  ba  aatlmatad.  Tha  raaulta  aay  thaa  ba  ooBblnad  lato  a 
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rtate  proflU,  auoh  ••  la  rapraaaatad  tjrploally  by  EKiuatlon  1  (aaauaing  only 
out  kind  of  loaa,  aay  fatalitiaa,  la  of  intaraat).  Vhan  it  la  adaquata  to 
do  ao,(^^  thia  la  oftan  ooapraaaad  Into  a  aingla  axpaotad  loaa  aaaaura, 
which  la  aaraly  tha  naan  of  tha  probability  dlatrlbutlon  aqulvalant  to  the 
risk  profile* 

Prob*  (Loaa  at  laaat  a)  •'4^  [Prob  (Loaa  at  laaat  z  |  Bffaot  k  oooura)  a 

1  J  k  . 

Prob  (Bffaot  k  I  Ralaaaa  of  aatarlal  or  anargy)  a 

Prob  (Ralaaaa  (  Nlahap  typa  J  oooura)  a 

Prob  (Nlahap  typa  J  |  Prlaary  avant  1  oooura)  a 

Prob*  (Prlaary  avant  i)]  (1) 

Tha  aatorlak  in  tha  aquation  aignlflaa  a  given  unit  of  axpoaura  for  tha 
probability,  aa  par  year,  par  operation,  ato.  A  vertical  bar  Indloataa  that 
tha  probability  Involved  la  oonditlonal  on  tha  ooourranoa  of  tha  avant 
following  tha  bar  (and  la  road  "given  that").  Aa  x  la  allowad  to  range  over 
Its  possible  values  tha  risk  profile  la  built  up,  as  shown  in  Figure  3* 

Risk  Evaluation  and  tha  Character  of  Riak  Aaaaaanant  Applloatlona 

Risk  evaluation  la  oonoamad  with  oonsidarationa  of  tha  aignlfloanoa  of  an 
aatiaatad  risk  with  raspaot  to  aooaptabllity,  and  of  ways  to  altigata  tha 
risk  where  this  is  dsaaad  desirable.  These  oonsidarationa  ralata  to  a  sat 
of  posaibla  kinds  of  applioations  of  risk  aasasaiDent,  whioh  perhaps  nay  be 
usefully  defined  in  terns  of  the  questions  below. 

^^^An  axpeoted  value  results  fron  tha  suaaation  of  tha  lossas  fron  all 
possible  events  weighted  by  their  probabilities  of  ooourrenoe.  Thus, 
a  low  probability-high  oonsaquanoa  avant,  whioh  aay  be  of  the  great¬ 
est  iaportanoe  to  deoision  aakara,  aay  contribute  only  relatively 
little  to  the  expected  loaa*  A  hasardous  activity  oould  than  appear 
to  be  less  risky  than  anothar  baoausa  its  axpeoted  loss  is  lower  but 
oould  neverthaleaa  entail  a  snail  ohanoe  of  larger  aooidenta  and  no 
in  faot  be  of  greater  oonoam.  This  gives  rise  to  the  need  to  con¬ 
sider  "the  tail  of  the  probability  curve"  aa  well  as  its  expected 
value,  or  naan,  in  assessing  risks,  and  so  notivates  the  davelopnent 
of  tha  risk  profile. 


per  optr«t1on.  ptr  ytar  ttc.t  for  given 
hazardous  activity 

**X  Is  the  expected  loss  (per  operation,  etc.), 
the  mean  of  the  distribution  from  which  the 
risk  profile  derives 

Figure  3.  Illustretlve  Risk  Profile 

e  How  safe  is  e  particular  hasardous  aotlvlty  (l>e.,  what  are  Its 
risks)? 

1 

e  How  does  this  safety  ooapare  with  the  safety  of  other  activities? 

e  How  much  additional  safety  oould  be  attained  for  a  given  cost, 
through  sons  set  of  alternative  ■odlfloatlons? 

e  How  such  would  it  cost  to  attain  sone  required  level  of  safety, 
through  sons  set  of  alternative  modifications? 

e  Vhloh  would  be  the  safest  means  of  aooompllshing  a  given  objective 
(e.g.,  transport  of  a  given  amount  of  an  explosive  material  in  a 
year  over  alternative  routes  or  by  alternative  modes  or  by  alter¬ 
native  shipment  sises)? 

s  Central  philosophioal  issue i  is  the  estimated  (peroeived?)  risk 

"acceptable”?  Vhat  are  ways  of  appraising  this? 


■ji' 


o 
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THB  APPLICABLS  RISK  liSTimTIOM  MCTHODQIiOQIgS 


four  (ttiicnLl  riak  ••tlauitioa  Mthodologlaa  h«v«  to  far  avoivcd:  atatiatloal 
iafaranoa,  fault  traa  aodallnf,  analytioal/alaulation  nodallag,  and  aub- 
Jaotlva  aatiaatlon  of  rlak  paraaatara.  (Subjaotlva  aatiaatloo  la  alao 
Qoanon  In  tha  davalopaaat  of  inputa  for  tha  flrat  thraa  nathodologlaa.) 

For  tha  aaka  of  bravlty,  tha  diaouaalon  hara  of  tha  four  nathodologiaa  la 
orlantatad  prlaarily  around  thalr  utility  In  tha  flrat  phaaa  of  an  ax« 
ploalvaa  rlak  analyalat  aatiaatlon  of  tha  probability  of  ooourranoa  of  a 
alahap  whlla  handllai  an  axploalva  aatarlal  or  itaa.  Tha  datarmlnatlon  of 
tha  natura  and  probabllltiaa  of  ooourranoa  of  an  axploalva  raaetlon  and  Its 
poaalbla  affaota  (blaat,  haatt  fragaanta,  flra,  ato.)  la  tha  aubjaot  of 
othar  praaantatlona  of  thla  aaalnar  and,  for  bravity,  will  not  ba  eonaldarad 
furthar*  Ifaithar  vlll  tha  dataralnatlon  of  tha  poaalbla  loaaaa  that  dariva 
froa  thaaa  affaota  (a.g.,  nuabar  of  fatalltlaa,  Injuriaa,  proparty  daaaga) 
ba  traatad  hara  baoauaa  thla  aakaa  uaa  of  ralatlvaly  faallalr  taohnlquaa. 

Statlatloal  Infaranoa 


Tha  aoat  ragularly  aaployad  prooadura  for  aatiaatlng  alahap  ooourranoa  prob> 
abllltlaa  la  that  of  atatiatloal  infaranoa.  Kowavar,  It  la  dlraotly  usable 
only  If  an  adaquata  data  baaa  axlsta,  with  algnlf leant  saapla  slaas  at  tha 
varloua  lavals  of  tha  apaolflo  haaardoua  oondltlona  of  oonoarn.  Also,  It 
has  to  ba  abla  to  ba  asauaad  that  tha  past  raoord  aatlsfaotorlly  raprasants 
(or  oan  ba  nodiflad  ao  aa  to  raprasant)  what  tha  future  will  hold. 

In  Its  basio  fora,  tha  aathodology  of  statlatloal  Infaranoa  assuaas  an 
aotlvity'a  nishaps  ooour  Indapandantly  and  with  oonatant  probabllltiaa  and 
davalops  astlaatas  of  thaaa  probabllltiaa.  Tha  past  raoord  of  auoh  nishaps 
provldas  tha  fraquanoy  of  thalr  ooourranoa  over  tha  raoord  period  and  thus, 
for  Inatanoa,  tha  fraquanoy  par  yaar  wbloh  la  than  axtrapolatad  to  future 
years.  If  tha  fraquanoy  par  operation  la  desired,  tha  "exposure"  in  tarns 
of  tha  nuabar  of  oparatloaa  that  waa  aoouwilatad  during  tha  raoord  period 
auat  bo  known  or  astiaatad*  Tha  rawilt  la  than  aa  Infaranoa  of  tha  future 
probability  of  ooourranoa  of  a  alahap  as  tha  ratio  of  tha  fraquanoy  of 
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to  tho  froquonoy  of  oporotlons.  A  oonfidonoo  Intorval  for  tho 
laforrtd  probability  oan  alao  bo  oatabliahod. 

A  numbar  of  ioportaat  problaaa  aria#  In  thla  auparflolally  slopla  proooaa, 
howavar*  Plrati  tha  aatlaatloa  of  tho  axpoaura  raqulraa  that  raoorda  on  tho 
oparationa  oonduotad  with  tha  asploaiva  oatarial  ara  kapt  and  ara  aooaaa- 
ibla.  3uoh  raoorda  ara  not  gonarally  availabla*  Thua,  astiaataa  oay  hava 
to  ba  aada  anploying  aaoplaa  of  oparationa  data,  of tan  of  unoartaln  aoouraoy 
or  avan  validity,  with  libaral  judgoantal  intarpratation. 

Saoond,  adaquata  data  for  a  oManingful  atatiatioal  infaranoa  nay  alao  not 
axiat  on  tha  oiahap  ooourranooa.  Thia  ia  alwaya  tha  oaaa  for  tha  rara, 
potantially  oataatrophio  avanto  that  ara  uaually  of  graataat  intaraat.  If 
tha  raoord  of  axpoaura  (a<g.,  nuobar  of  oparationa)  ia  groat  anough  it  oay 
ba  poaaibla  navarthalaaa  'to  aotiaata  oradibla  uppar  bounda  on  tha  probabil* 
itiaa  of  auoh  avanta,  but  thaaa  ara  oftan  too  oonaarvativa  (that  ia,  too 
larga)  to  aupport  praotioal  daoiaion  making  on  tha  control  of  future  aotivi- 
tiaa  with  juat  aa  larga  or  larger  rataa  of  axpoaura. 

A  third  problem  area  In  atatiatioal  infaranoa  ia  that  of  tha  "atationarity" 
of  tha  prooaaa  giving  riaa  to  tha  miahapa.  That  ia,  it  muat  be  aaaumad  that 
tha  paat  raoord  alao  rapraaenta  tha  future  (or  it  ia  undaratood  how  to 
modify  it  ao  that  it  will).  Thera  ara  many  raaaooa  why  thia  may  not  ba  tha 
oaaa;  a.g.,  if  a  miahap  oooura  onoa,  aignifioant  aotiona  will  ba  taken  to 
daoraaaa  tha  chance  of  ooourranoa  of  auoh  a  miahap  in  tha  future.  Or, 
"familiarity  braada  oontampt,"  or  at  laaat  lack  of  oonoantration,  among 
human  oparatora  ao  that  tha  ohanoe  of  a  miahap  where  humane  ara  involved  nay 
gradually  inoraaaa  over  time.  An  inoraaaa  in  miahap  frequency  nay  alao  ba 
due  to  wear  of  equipment  under  inadequate  maintananoa.  Tha  validity  of 
atatiatioal  infaranoaa  that  do  not,  or  cannot,  ref loot  auoh  oonaidarationa 
ia  clearly  quaationabla. 

Overcoming  fully  in  an  axploaivas  riak  aanagamant  ayatam  tha  problaaa  that 
hava  bean  noted,  and  othara  that  oould  alao  ba  brought  forward  [?],  ia  not 
poaaibla.  But  tha  aituation  oan  ba  improved  by,  firat,  making  tha  un- 
oartaintiaa  that  tha  infaranoa  prooadura  givaa  riaa  to  aa  axplioit  aa 
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potalbla,  so  that  ths  risk  managsnsnt  systsm  ussr  can  Inoorporats  than  In 
his  daolalon  prooaaa.  Second ,  stapa  for  iaproving  mishap  and  exposure 
reoordkaeplng  prooaduras  oan  be  defined  oonprehanslvalyi  and  carried  out. 
Finally*  trend  analysis  methods  oan  be  applied  to  adapt  the  probability 
Infsrenoea  to  the  effects  of  nonostatlonarlty  and  other  dependenoles  In  the 
data. 

Fault  Tree  Modeling 

This  approach  aynthealzes  the  possible  sequences  of  events  Initiated  by  the 
activation  of  some  hazard  (a  "Primary  Event")  and  culminating  In  a  particu¬ 
lar  mishap  or  failure  "Top  Event"  with  potentially  deleterious  oonsequenoes 
to  people,  property  or  the  environment.  Its  applloatlon  requires  that  all 
possible  event  sequences  (system  failure  modes)  will  have  been  tracked  back 
to  their  initiating  primary  events.  To  realize  the  full  power  of  fault  tree 
modeling  the  probabilities  of  occurrence  of  the  primary  events  and  all  re¬ 
lated  action  Initiations  (e.g.,  a  successful  or  unsuccessful  conduct  of  a 
corrective  action)  need  to  be  estioiated  with  adequate  precision,  and  the 
magnitudes  of  the  oonsequenoes  acourately  predicted.  If  these  requirements 
are  met  a  aeries  of  combinatorial  probability  calculations  results  In  an 
assessment  of  the  probability  of  occurrence  of  a  Top  Event  and  its  con¬ 
sequences;  i.e.,  the  risk  deriving  from  the  hazards  under  analysis. 

The  principle  difficulties  with  the  fault  tree  procedure  are  the  uncertainty 
that  all  significant  event  sequences  have  been  considered,  and  the  acquiring 
of  sufficiently  precise  data  for  predicting,  with  reasonable  accuracy,  ths 
initiating  and  related  action  event  probabilities.  If,  nevertheless,  fault 
tree  methods  can  be  applied,  at  least  two  important  advantages  not  provided 
by  statistical  Inferenoe  methods  would  accrue.  First,  the  Input  data 
acquisition  problem  would  be  changed  from  that  of  obtaining  meaningful 
samples  of  mishaps  for  all  sets  of  conditions  of  Interest  at  the  activity 
level  -  to  that  of  obtaining  only  primary  event  data,  suoh  as  on  specific 
failure  modes  of  speolflo  equipments,  or  procedures.  It  is,  of  course, 
recognised  that  primary  event  probability  data  generally  still  require  stat- 
Istioal  aethoda  (and  some  subjectivity)  to  develop  properly.  What  Is  empha¬ 
sized  here  Is  that  large  enough  sample  sizes,  even  for  different  sets  of 

71? 


ooaditlonsi  art  oltarly  auoh  nort  easily  and  correctly  developed  for  primary 
events  than  for  actual  mishap  oeourrenoes.  Vhile  oertainly  not  trivial, 
this  problem  is  at  least  possible  to  be  solved  from  standard  failure  data 
sources  and,  for  activity-specific  events,  with  appropriate  recordkeeping 
systems,  experimentation,  simulation  and  testing. 

Second,  fault  trees  lend  themselves  conveniently  to  the  evaluation  of  the 
effectiveness  of  given  mitigating  measures.  Any  such  measure  should  be  able 
to  be  assessed  through  the  changes  that  it  would  induce  in  the  original 
fault  tree  describing  the  mishap  occurrence  that  it  is  intended  to  prevent, 
or  decrease  the  probability  of.  The  evaluation  of  the  effectiveness  of 
mitigating  measures  using  statistical  models  currently  requires  highly,  if 
not  entirely,  subjective  postulations  of  what  the  changes  in  the  given 
mishap  records  would  nave  been  (and,  it  is  presumed,  would  be  in  the  infer¬ 
ence  for  the  future)  if  the  mitigation  had  been  in  place  during  the  period 
in  which  the  reccrds  were  acquired. 

To  gain  these  and  other  advantages  [?],  fault  tree  modeling  techniques  for 
explosives  hazards  analysis,  especially,  need  to  be  deepened  to  better 
reflect  mishap  dynamics,  including  human  operator  actions.  Improved  means 
are  also  needed  for  acquiring  activity-specific  data  on  the  probabilities  of 
primary  events,  including  human  failures. 

Analytical  and  Simulation  Modeling 

Analytical  and  simulation  modeling  approaches  to  risk  analysis  begin  with 
functional  descriptions  of  the  activity  or  system  under  study.  The  oper¬ 
ations  of  the  system  are  then  expressed  in  terms  of  appropriate  performance 
parameters  that  express  the  functions,  and  the  interaction  of  the  functions, 
of  system  components  (human,  as  well  as  equipment)  and  interfacing  external 
factors.  The  conditions  under  which  mishaps  and  their  effects  occur  are 
associated  with  specific  combinations  of  the  values  of  these  parameters. 
Their  probabilities  of  ooourrenoe  and  the  consequences  of  their  occurrence 
are  then  assessed  by  means  of  probability  or  effects  formulas  (in  analytical 
models),  through  numerical  accumulations  from  repeated  runs  of  system  oper- 
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atlon  "aoaoarioM*  (in  almulatloa  models),  or  by  oombiastlons  of  both  pro- 
osdurss* 

The  msia  problems  with  snslytiosl  models  are  the  seed  for  acceptable  slmpli* 
fyln^  asauaptioas  that  the  derlvatioa  of  their  formulations  usually  require, 
and  of  the  related  departure  of  their  modeled  factors  from  direct  physical 
sigaifioaaoe.  Simulations  are  better  in  theae  regards  in  that  they  usually 
tend  to  replioate  real»irorld  factors  in  a  fairly  recognizable  -way.  However, 
to  the  extent  that  they  avoid  arbitrariness  in  their  simplifications,  their 
oomplexity  and  oomputational  requirements  Inoreaae.  The  need  to  repeat  many 
rune  of  simulated  operations  in  order  to  derive  usable  accident  statistlcr 
(as  in  Monte  Carlo  simulations)  exacerbates  the  computational  require¬ 
ments.  Simulations  are,  therefore,  expensive  means  for  risk  analysis  (other 
than  in  speoifio,  and  limited,  data  development  support  roles). 

Analytioal  and  simulation  models  are  not  usually  appropriate  for  mishap 
oOQurrenoe  modeling,  but  are  applicable  primarily  to  assessments  of  mishap 
effects  and  consequenoes.  However,  this  will  not  be  discussed  farther  here. 

Subjective  Batlmatlon 

The  most  generally  applicable  approach  to  developing  risk  estimates  is  that 
of  subjective  estimation  by  experts.  These  experts  are  assumed  to  be 
sufficiently  familiar  with  the  detailed  olroumstanoee  of  operations  similar 
to  those  of  interest  that  they  oan  meaningfully  extrapolate  their  experience 
to  new  conditions,  employing  only  their  individual  judgments,  in  combination 
with  those  of  the  other  experts  as,  for  instanoe,  in  a  Delphi  procedure  [s]. 

Subjective  estimation  is  peroeived  as  inherently  a  relatively  low-oonfldenoe 
risk  anmlysls  methodology.  However,  thie  perception  may  be  at  least  in' part 
a  result  of  the  general  laok  of  appreoiation  of  the  perhaps  more  subtle  but 
some times  just  as  signifioant  subjective  elements  of  the  other  possible 
methodologies.  This  has  been  evidenoed  to  some  extent  in  the  preoeeding 
disottssioas  of  these  methodologies.  Moreover,  "engineering  judgment”  is 
already  the  most  employed  method  for  at  least  oategorioing  hasarde  in  terms 
of  their  qualitative  risk  levels  (expressing  relative  frequencies  of  ooour- 
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ranoa  and  ralatlv*  sevaritlas  or  crlticalltlea  of  posslblo  cooiaequencas} . 
To  inprova  tha  quantitativa  subjactiva  aatloatlon  proceaa  should  tharafora 
be  a  tforthtrhlla  aadaavor,  avan  if  lass  foriaal  procaduras  than,  say,  Delphi 
are  oonaidarad.  How  this  might  be  dona  is  next  briefly  outlined. 


Introduction  to  a  Subjaotiva  Risk  Estimation  Process' 


k  Preliminary  Hasard  Analysis  is  first  performed  of  the  operations  of  a 
facility  to  identify  a  sat  of  possible  mishaps  that  have  some  potential  for 
leading  to  explosions.  Gaoh  mishap  has  soma  (unknown)  probability  of  occur* 
renoa  (ranging  down,  possibly,  to  very  small  values)  each  time  tha  operation 
during  which  it  can  occur  is  executed.  For  simplicity  hare,  it  is  assumed 
that  for  each  mishap  this  probability  is  tha  same  for  any  repetition  of  an 
operation  and  that  tha  occurrence  of  a  mishap  during  any  one  such  repetition 
is  independent  of  whether  or  nut  it  occurs  in  any  other. 

t 

Bach  of  a  group  of  experts  familiar  with  the  operations  of  interest  and  the 

bases  for  the  identification  of  the  subject  sev  of  mishaps  is  now  asked  to 

list  ths  mishaps  in  descending  order  of  their  frequencies  of  ooourrenoe  per 

operation. He  is  then  asked  to  Judge  how  the  frequency  of  the  second 

mishap  in  his  list  compares  to  that  of  the  first,  and  state  this  as  a 

fraotion,  c^,,  less  than  or  equal  to  one;  how  the  third  compares  to  the 

second,  giving  a  fraotion,  o.;  the  fourth  to  the  third,  o, :  eto.  Finally, 

5  4 

he  is  asked  to  give  hie  best  estimate  of  the  frequency  per  operation,  f^ ,  of 
the  first  mishap  on  his  list,  the  ono  that  he  believes  would  oocur  i&cst 
often  and  thus  the  one  whose  frequency  is  easiest  to  estimate.  Its  ooour¬ 
renoe  may  be  a  quite  common  event.  (Reoall  that  the  mishaps  of  interest 
have  only  some  potential  for  leading  to  explosions;  by  no  means  are  ex¬ 
plosions  expeoted  esoh  tine  they  occur.  Such  mishaps  nay  oocur  ordinarily 


bmsio  process  for  mishap  probability  estimation  is  outlined  hers. 
Variations  on  it,  and  similar  processes  for  other  risk  factors,  oan 
also  be  considered. 

^^Jfhin  information  is  sometimes  more  easily  elioited  in  terms  of  ths 
number  of  times  the  expert  expects  an  opexmtion  would  be  executed 
between  mishap  ooourrenoes.  the  relative  frequonoy  estimates  would 
of  oourse  be  the  reciprocals  of  these  estimates* 
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but  only  raraly  lead  to  explosions.  The  estimation  of  the  probability  of  an 
explosion  given  the  ooourrenoe  of  a  partioular  slshap  is  a  distinct  problem 
not  considered  in  this  paper;  see  however  [3j>} 


In  this  way,  eaoh  expert  arrives  at  an  estimate  of  the  freciuenoy  of  occur¬ 
rence  per  operation  for  eaoh  mishap  in  the  list:  f ^ ,  f2  ••  o^f^  f^ 

-  c  f.  '  c_c.f.  ,  etc.  Note  that  this  has  been  accomplished  with  Judgments 
only  of  one  relatively  common  mishap's  oocurrenoe  frequency  and  of  the  com¬ 
parative  frequencies  of  successive  pairs  of  mishaps  with  relatively  similar 
occurrence  probabilities.  The  probabilities  of  even  rare  mishap  occur¬ 
rences,  all  but  impossible  to  estimate  in  isolation,  are  thus  able  to  be 
astiaated  in  a  reasonable  manner,  a  principal  reason  for  the  use  of  this 
procedure.  A  simple  illustrative  example  of  the  technique  that  has  been 
outlined  is  given  in  Figure  4. 


For  eaoh  mishap,  the  median  (used  as  the  output  point  estimate)  and  lower 
and  upper  extremes  (used  as  subjective  confidence  bounds)  of  the  estlriates 
of  its  frequency  of  occurrence  per  operation  by  the  several  experts  can  be 
determined.  If  the  spreads  between  the  extremes  of  the  estimates  for  some 
mishaps  are  deemed  excessive,  the  process  that  has  been  described  can  be 
iterated  by  having  the  group  reconsider  togetaer  the  reasons  for  the  differ¬ 
ences  in  the  mishaps  listing  orders  and  comparative  frequency  estimates  of 
the  several  individuals,  and  then,  again  as  individuals,  make  such  changes 
as  then  seem  Justified  in  the  lists  and  estimates. 


The  result  is  the  group's  overall  best  point  estimates  (the  median  values) 
of  the  identified  mishaps'  probabilities  of  oocurrenoe  per  operation,  and 
also  the  ranges  of  uncertainty  that  should  be  considered  in  the  use  of  these 
estimates  as  a  complete  risk  analysis  proceeds.  (These  ranges  can  be  con¬ 
verted  into  uncertainty  distributions,  if  desired,  to  support  the  derivation 
of  uncertainty  distributions  for  the  ultimate  overall  rlr;k  estimates.) 

APPROACHEiS  TO  RISK  EVALUATION 

Given  a  set  of  risk  estimates,  the  problem  remains  of  how  Judgments  can  be 
made  on  whether  a  oaloulated  risk  level  for  a  given  hasardous  activity  is 
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aufflQltntly  low  for  tho  aotlwity  to  bo  Inatitutod  or  ooatlnuod,  or  whothor 
mitigotlon  ntosuroo  aoy  bo  aoodod*  Tho  propor  solootioa  of  tho  moot  oost> 
offootivo  ouoh  oMoouroo  la  than  alao  of  oonoom. 

Rlak  Aocoptobtllty  Bvaluation 

Vhllo  no  alnglo  approach  haa  yot  boon  aatabllahsd  that  onabloa  a  unlvoraally 
approoiatod  ovaluatlon  of  tho  aaooptabillty  of  tho  rlak  of  a  haaardoua 
aotlvltyt  a  nuabor  of  attoopta  havo  boon  nado  to  devolop  auoh  an  approach. 
Thoao  aro  dlaouaaod  horo  In  throo  olaaaoat  ooaparlaona  to  '*aKbloat''/hl8» 
torloal  rlaka,  coaparlaone  to  rlaka  of  equl-boneflt  altornatlvoa,  and 
balanoing  of  rlaka  and  bonoflta. 

Conparlaon  to  Aablont/Hlatorloal  Rlaka  -  In  1969,  Chauncoy  Starr  [9] 
publlahod  tho  flrat  of  nany  artlclaa  on  public  risk  aoooptanoo  In  relation 
to  bonoflta,  ae  rovoalod  by  historical  data.  Bxpoctod  fatalities  par  hour 
or  per  year,  per  Individual  In  various  groups  exposed  to  potential  accidents 
and  other  doloterloua  factors,  and  due  to  voluntary  or  Involuntary  haaardoua 
actlvltlea,  were  estlnated  fron  past  data  and  ooapared  to  assessnents  of  the 
benefits  accruing  froa  those  activities.  Starr  found  historical  levels  of 
rlak  aooeptanoo  Increased  In  proportion  to  the  cube  of  the  Increase  in  bene¬ 
fits,  and  that  voluntary  acceptance  levels  were  about  three  orders  of  magni¬ 
tude  greater  than  Involuntary  acceptance  levels.  (These  particular  oon- 
olusiona  have  since  been  disputed.  However,  Starr's  general  demonstration 
of  the  dependenolss  of  the  level  of  risk  accepted  on  benefits  and  on  whether 
the  acceptance  la  voluntary  or  Involuntary  Is  not  questioned.) 

Starr's  ooncepta  have  been  extended  by  many  others  in  attempts  to  establish 
numerical  acceptable  rlak  levels  for  haaardous  activities  that  provide 
specific  benefits  or  meet  specified  societal  needs.  These  numerical  levels 
may  also  reflect  the  confidence  In  the  risk  estimates  that  are  evaluated. 

Rlak  Comparisons  of  Bqui-Beneflt  Alternatives  -  A  second  rlak  acceptability 
evaluation  approach  la  the  standard  operations  researoh  technique  of  as¬ 
suming  some  activity  must  be  put  In  place  to  satisfy  a  speolflo  need,  and 


th«n  «stabll«hlng  whioh  •lt*raati>r«  Mans  of  Lmplomsntlns  it  would  givs  riss 
to  th«  lonst  risk.  This  sinlaun  risk  Is  than  "soosptsbls,"  by  dsflnltion. 

Bslsnolng  of  Risks  snd  Bsasflts  *  Qasntitativs  proosdurss  ssist  for  sxprsss- 
ing  ths  risks  of  s  hsssrdous  sotivity»  so  vsLl  ss  its  bsnsfits,  in  oonmon 
soonomio  tsrM,  s*g.,  prsssat  vslus  dollsrs.  Howevsr^  thsss  proosdurss 

gsnsrslly  sntsil  assuaing  a  "valus^of-a-Iifs"  (or  of  an  injury  or  hsalth 

insult)  I  and  this  has  bssn  a  diffipult  fsaturs  of  ths  analysis  to  havs 

agresmsnt  on.  If  it  oould  bs  agrssd  to,  it  oould  than  bo  argusd  that  a 

haaardous  aotivity  was  aoosptabis  if  ths  potsntial  Lossss  sxprsassd  by  its 
risks  ars  loss  than  ths  dollar  valus  (or  a  givsn  fraction  of  this  valus)  of 
its  bsnsfita. 

Bvaluation  of  Posaibls  Mitigation  Msasurss 

Mitigation  msaaursa  okay  rsduos  ths  risk  by  reducing  ths  probability  of 
ooourrenos  of  a  mishap  and/or  by  reducing  its  oonsequsnoes  should  it 
ooour.  Mitigation  measures  may  be  procedural  changes,  ei^uipment  or  facility 
design  changes,  or  changes  in  the  locations  of  the  explosives  whose  presence 
and  handling  induce  the  risks. 

Cost-Effectiveness  of  Alternatives  -  When  evaluating  alternatives  for  risk 
miiiigation  one  first  compares  their  effectiveness  in  terms  of  redudtion  in 
the  estimated  risk.  Effectiveness  can  be  measured  in  a  variety  of  ways, 
such  as  the  expected  number  of  lives  saved,  the  reduction  in  expected 
property  daMge,  expected  mission  delay  avoided,  or,  in  more  complex  in¬ 
vestigations,  differenoes  in  selected  characteristics  of  complete  risk  pro¬ 
files.  The  cost  of  each  alternative  Is  nest  determined.  Usually,  the  miti¬ 
gation  whioh  provides  the  greatest  effectiveness  within  an  allowable  cost 
budget,  or  the  mitigation  which  provides  a  required  level  of  effsotiveness 
at  the  lowest  oost,  is  then  selected  (see  Figure  5a).  In  som  oases,  the 
mitigation  that  provides  the  most  effectiveness  per  dollar  (i.e.,  has  the 
highest  effeotiveness-to-oost  ratio)  may  be  preferred. 

Cost-Benefits  of  Alternatives  -  If  the  effectiveness  of  the  alternative 
mitigations  is  first  expressed  as  equivalent  expected  dollar  losses  avoided, 
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whioh  is  gtasrslly  tsrasd  "bsasfit***  thsn  ths  prsfsrrsd  sltsrnstlvs  Is  that 
oas  whQss  bsasfit  aost  sxossds  its  oost  in  ooamoa  dollar  tsras  (sss  Figurs 
5b). 

THE  TRtATWBilT  OF  UMCBRTAIMTIlia 

Thsrs  art  four  gaaaral  tsohaiquas  availabls  for  ths  trsatnsnt  of  uaosrtala* 
tiss.  Ths  four  tsohaiquss  arst 

s  Ths  dsvslopasat  of  statlatioal  bounds  (whan  statistioal  sstinatss 
art  involvsd). 

a  Tha  astatalishaant  of  subjaotivaly-dsrivad  boundst  i.a.,  tha 

amploymant  of  Judgaaat  to  appraiss  tha  oradibla  rangas  of 

variation  of  tha  estiaatss. 

a  Tha  ocnduot  of  paraaetrio  aansitivity  analyaast  i.a..  tha  ra- 

oaloulation  of  tha  output  astiaates  as  tha  input  factors  ara 
allovad  to  vary  ovar  thair  rangas  of  unoartainty.  Monta  Carlo 
taohniquas  aay  bs  aaployad,  or.  whan  ooaputing  raquireaants  would 
ba  azcassiva.  only  salaotad  valuas  (s.g..  nominal  and  worst-oasa 
valuas)  from  tha  input  unoartainty  rangas  might  ba  oonsidarad. 

a  Tha  carrying  out  of  parallal  analysas  and  pasr  raviaws.  Risk 

analysas  should  always  ba  at  laast  oarafully  raviawad  by  inda- 
pandant  analysts,  glvan  tha  analysas'  inhairant  unoartaintias  and 
aubjaotivitias.  Whan  resouroas  parmit.  two  or  mora  indapendant 
analysas  should  ba  szaoutad  in  parallal.  and  thair  results  com- 
pared.  Tha  results  will  help  to  define  tha  rangas  of  uncertainty 
that  oan  exist  in  ths  results.  They  will  also  help  to  daorsass 
tha  uncertainties  and  raise  the  level  of  oonfidanoa  that  oan  ba 
held  in  ths  results  in  areas  where  reasonable  agreaaent  obtains. 

Primarily,  these  taohniques  can  provide  means  for  illuminating  for  a 
decision  maker  the  possible  rangas  of  variation  in  the  risk  estimates  (and 
the  oost  and  any  other  estimates,  as  well)  ha  must  deal  with.  They  produce 
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oonfldtno*  Haiti  or  othor  doflaora  of  tho  ttaoorUinty  raniioa  of  tho  outjpata 
j>f  tho  ostlaotioa  prooooo*,  Tho  dooiolon  aokor  ooa  than  oonaldor  whothor  and 
hov  tho  pstaatlal  varlabllijby  in  tho  aatlaataa  alght  affaot  hla  prtfaronoaa* 

/ 

Tho  applioatlon  of  thoaa  taohaiquaa,  aa  appropriato,  aajr  alao  halp  to  raduoa 
unoartaintlaa  by  idantifyinf  whara  thay  ara  aoat  atgnifloaat  la  a  daolaton 
aaalyala,  aad  Mtivatlaf  tharaby  addltioaal  lavaatlgatioaa  of  tho  faotora 
froa  vhloh  tha  aigaifloaat  uaoartaiatiaa  arlaa* 

coiiomaioits 


Riak  aaalyala  la  a  potaatially  iaportaat  ooapoaant  of  axploalvaa  rlak  aaa- 
agaaaat  ayataaa.  Ita  aaia  alaaaata  arai 

1.  Tha  atruoturiag  of  tha  problaa,  ahloh  Inoludaa  aalaotlng  a  aathod 
of  aaalyala  oonalatant  with  tha  oharaotarlatloa  of  tha  haaardoua 
aotlvlty  or  ayataa  of  ooaoarn,  tha  availability  of  data,  and  tha 
oaada  and  raaouroaa  of  tha  rlak  aanagar  lavolvad. 

2.  Tha  aatlaatloa  of  tha  ralavant  rlaka  (i.a.,  tha  probabllitlaa  of 
tha  oonaaquaaoaa  of  all  aignlf leant  undaalrad  avaata,  with  aad 
without  Bitigatlng  aaaauraa). 

3*  Tha  avaluatloa  and  intarpratatlon  of  tha  aatlaatad  rlaka,  to 
raault  la  tha  aooaptanoa  of  a  rlak  or  tha  raoogaltlon  of  a  naad 
for  rlak  raduotloa  aaaauraa. 

Howavar,  ouoh  ouat  yat  ba  dona  towarda  tha  raduotloa  and/or  battar  axpo- 
altlon  of  Ita  unoartaintlaa,  ao  aa  to  aoabla  riak  aaalyala  to  ba  aa  uaaful 
aa  posaibla  la  axploalvaa  riak  aaoagaaant.  k  prlaary  lapadloant  to  Ita 
auooaaaful  laplaaantatioa  la  tha  laadaquaoy  of  tha  data  baaa  for  rlak  aatl¬ 
aatloa— la  both  ooopa  aad  datall.  Nlahap  data  ara  aparaa.  Alao  gonarally 
Inadaquata  ara  oparatlona  raoorda  aa  aouroaa  of  axpoaura  data.  Thua,  pura 
itatlatloal  lafaraaoa  aathoda  of  rlak  aatlaatloa  ara  not  proolalng.  (Soaa 
augaaatatlona  oay  ba  faaalbla,  howavar  [?].) 
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For  r«ult  trto  aotUoda,  fiiluro  rat*  data  oa  tha  aqulpaanta  Involvad  In  tha 
handling  of  axploaiva  aatarlala  ara  alao  gaaarall/  not  avallabla.  Koraovar, 
It  la  not  /at  poaaibla  to  quantif/  vary  aatiafaotorlly  tha  axtant  to  whloh 
arrora  or  othar  varlationa  in  tha  parforaanoa  of  oparatlng  paraonnal  affaot 
tha  probabilitlaa  of  niahap  oooarranoa  (although  thia  ia  raoaivlng  oonaldar- 
abla  atudy  by  tha  nuolaar  pouar  Induatry  and  tha  Nuolaar  Ragulatory 
Conniaaion) . 

Analytical  and  aiaulation  nodala  apply  priaarily  to  tha  af facta  and  oon- 
aaquanoaa  faotora  in  axploaivaa  riak  aatinataa  and  hava  not  baan  diaouaaad 
in  thia  papar.  Hovavar,  thay  ara  tha  aubjaota  of  othar  papara  praaantad  at 
thia  Saninar. 

A  atruoturad  aubjaotiva  aatiaatlon  prooaaa  haa  baan  introduoad  that  ia  a 
atraightforaard  avolution  fron  tha  judgnant-baaad,  qualitativa  haaarda  rank¬ 
ing  prooaduraa  alraady  anployad  in  axploaivaa  aafaty  aanaganant*  ](t  oan 
anabla  tha  davelopnant  of  nuoarioal  riak  valuaa  and  aona  appralaala  of  thair 
unoartantiaa  for  uaa  In  probablllty-baaad  riak  daoialon  aaking. 

A  noat  oontrova  ratal  aapaot  of  riak  auinagaaant  ia  tha  evaluation  and  in  tar- 
pratation  of  tha  aatiaatad  rlaka*  Thara  ia  a  lack  of  oonourranoa  on  tha 
faotora  that  ahould  ba  Inoludad  in  tha  Judgnanta  that  auat  ba  nada.  In 
addition  to  tha  ralavant  aatinataa  of  haaardoua  aotivity  riaka  and  niti- 
gation  affaotivanaaa  and  ooat  aatinataa  (incorporating  aaaaaananta  of  thair 
aignifioant  unoartaintiaa) ,  niaaion  inportanoa  oonaidarationa,  and  aooio- 
politioal  riaka  oan  ba  of  ooneam.  Tha  iaplanantation  in  riak  nanaganant 
ayatana  of  auoh  evaluation  approaohaa  aa  hava  baan  notad  in  thia  papar  oan 
halp  to  illuninata  tha  Judgnanta  that  nuat  ba  nada. 
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RISK  ANALYSIS  FOR  EXPLOSIVES  OPERATIONS 
LT  COL  ALAN  C.  GRAHAM,  JR. 

HQ  AIR  FORCE  INSPECTION  AND  SAFETY  CENTER 

In  order  to  bo  of  any  military  utility  munitions  must  be 
placed  at  the  Intended  point  of  use  in  the  quantity  necessary 
and  within  the  time  constraints  of  the  situation.  For  most  Air 
Force  applications,  that  means  on  an  aircraft  ready  for  launch 
or,  at  the  very  least,  on  the  base  of  Intended  use.  However, 
many  bases,  particularly  overseas  locations,  have  limited  capa¬ 
bility  because  land  and  money  are  not  available  to  construct 
enough  munitions  storage  and  operating  facilities  to  meet  all 
operational  requirements.  In  addition,  traditional  philosophy 
emphasized  "absolute**  levels  of  safety.  As  a  result,  combat 
units  must  rely  on  centralized  storage  ammunition  areas  in 
overseas  theaters  of  operation  and  CONUS  storage  for  the  bulk 
of  their  conventional  wartime  munitions  requirements.  In  a 
short  notice  conventional  conflict,  these  assets  may  have  no 
utility  because  they  will  not  be  available  during  the  first 
cri,tical  days  when  they  will  be  needed  most. 

Eighteen  months  ago,  the  Air  Force  Sa^^y  Center  decided 
that  our  conservative  safety  standards  and  our  traditionally 
conservative  interpretation  of  those  standards  prevented  maxi¬ 
mum  or  effective  use  of  existing  facilities,  and  were  a 
strongly  negative  influence  on  readiness  and  combat  capabil¬ 
ity.  We  initiated  steps  to  test  our  existing  criteria  and  to 
eliminate  restrictions  which  did  not  provide  a  measurable 
increase  in  the  level  of  safety.  One  of  our  more  successful 
efforts  was  the  distant  runner  test  which  is  a  discussion  topic 
for  another  session  during  this  seminar.  In  spite  of  these 
efforts  to  define  appropriate  levels  of  risk,  there  are  still 
many  cases  where  immediate  operational  needs  cannot  be  met 
using  established  safety  criteria,  and  waivers  to  that  criteria 
are  necessary  to  meet  mission  requirements.  In  the  past, 
requests  for  waivers  were  accepted  as  a-  routine  fact  of  life 
and  no  Indepth  analysis  was  conducted  to  quantify  the  addi¬ 
tional  risk  the  proposed  procedure  presented.  As  a  result, 
some  units  accepted  high  levels  of  risk  for  marginal  increases 
in  capability.  To  correct  this,  we  proposed  a  methodology  for 
risk  management  to  provide  commanders  with  a  more  definitive 
assessment  of  the  potential  effects  of  a  mishap  on  their 
operations. 

If  we  are  to  become  more  accurate  in  assessing  operational 
risk,  we  are  forced  to  logically  pursue  the  definition  of  the 
mission.  Exactly  what  are  the  elements,  that  is,  the  people, 
eqeifznent,  facilities,  and  operations,  that  constitute  the 
mission,  and  what  are  the  specific  conditions  under  which  they 
will  operate.  Based  on  this  definition  of  the  mission,  it  is 
possible  to  Identify  hazards  and  factors  or  conditions  which 
can  generate  hazards  or  result  in  a  mishap.  We  are  perhaps, 
most  familiar  with  this  process  in  its  application  to  hardware 
systems  safety.  Preliminary  hazard  analyses,  fault  trees. 
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failur*  modes  and  effects  analyses,  and  other  similar  systems 
analysis  techniques  are  used  to  examine  the  systems,  sub¬ 
systems,  components  and  their  interrelationship  as  well  as 
human  factors  which  affect  safety.  These  analytical  tools  were 
developed  to  assure  that  no  stone  remained  unturned  in  the 
quest  to  assure  adequate  design  and  operational  safety.  No 
less  rigorous  approach  is  warranted  for  the  risk  analysis  of 
explosives  operations. 

Risk  is  an  expression  of  possible  loss  in  terms  of  mishap 
probability,  mishap  severity  and  mission  exposure.  While  there 
may  be  such  a  thing  as  a  risk-free  environment,  for  all  prac¬ 
tical  purposes,  a  given  level  of  risk  exists  in  all  situa¬ 
tions.  Whether  that  level  of  risk  is  "acceptable*  is  a  purely 
managerial  decision,  and  the  Air  Force  explosives  safety  stand¬ 
ards  published  in  AFR  127-100  represent  DDBSB  and  USAF  manager¬ 
ial  decisions  on  acceptable  levels  of  risk  for  normal  munitions 
operations.  However,  commanders  at  all  levels  must  make  this 
managerial  decision  each  time  they  face  the  safety-operational 
necessity  confrontation. 

Operational  necessity  cannot  be  separated  from  a  discussion 
of  risk  because  it  is  the  factor  which  may  cause  a  commander  to 
"accept"  a  greater  level  of  risk  than  is  normally  allowable. 
For  example,  the  need  for  faster  aircraft  refueling  and  reload¬ 
ing  during  combat  mandated  these  operations  be  conducted 
simultaneously  which  is  normally  prohibited.  The  Air  Force 
conducted  detailed  systems  safety  engineering  analyses  (or 
SSEAs)  of  the  simultaneous  operations  and  developed  procedures 
which  represent  an  acceptable  wartime  risk.  Because  we  had  to 
be  able  to  train  in  peacetime  using  these  procedures,  the 
analyses  also  addressed  specific  hazard  abatement  techniques 
and  procedures  necessary  to  limit  risk  during  practice  opera¬ 
tions.  As  a  result,  we  are  able  to  simulate  our  wartime  proce¬ 
dures  more  precisely  and  will  be  better  prepared  for  combat. 

Each  one  of  us  quantifies  risk  and  makes  many  risk  analysis 
decisions  each  day  of  our  lives.  Most  of  them  are  intuitive, 
almost  reflex  decisions,  and  the  fact  we  are  all  still  here  is 
witness  to  the  marvelous  success  rate  we  all  enjoy.  These 
individual  risk  decisions  we  all  make  impact  few  people  other 
than  ourselves.  However,  when  we  are  dealing  with  explosives 
operations,  the  hazard,  and  the  people  exposed  to  that  hazard 
may  be  multiplied  manyfold.  We  can  ill  afford  to  rely  solely 
on  intuitive  judgment  in  these  risk  decisions.  We  proposed 
this  generalized  risk  management  model  to  help  commanders  and 
safety  staffs  develop  more  methodical  analysis  techniques.  The 
key  to  using  this  model  is  the  accurate  identification  of  the 
three  elements  of  risk:  mishap  severity,  mishap  probability, 
and  mission  exposure.  Let's  take  a  brief  look  at  these  factors 
in  relationship  to  explosives  operations. 


It  would  be  convenient,  even  comforting  if  we  were  able  to 
come  up  with  a  neat,  mathematical  relationship  between  these 
three  elements  of  risk  so  we  could  plug  in  the  numbers  and 
crank  out  a  solution  that  could  be  compared  against  a  standard, 
acceptable  risk.  There  have  been  several  efforts  to  use  this 
type  of  relationship.  As  an  example,  during  the  combat  turn¬ 
around  SSEAs  we  assigned  hazard  severity  and  hazard  probability 
factors  as  shown  on  the  chart  and  used  simple  multiplication  to 
determine  which  hazards  needed  to  be  controlled.  The  standard, 
acceptable  risk  index  was  8.  Risks,  even  category  1  hazards, 
were  acceptable  if  the  probability  was  low  enough.  While  this 
was  a  convenient  decision  tool,  the  probability  index  was  often 
based  on  "soft"  numbers,  not  hard,  engineering  data.  In  prac¬ 
tice,  we  still  must  rely  on  subjective  judgment  to  a  great 
extent,  but  the  proposed  model  allows  greater  objectivity  and 
provides  clues  to  areas  where  risk  can  be  minimized. 

Mishap  severity  can  be  thought  of  as  the  resultant  damage 
that  can  be  expected  if  the  maximum  credible  event  occurs  and 
this  damage  is  normally  quantifiable,  such  as  aircraft  damaged 
or  destroyed,  people  injured  or  killed,  or  facilities  damaged 
or  destroyed. 

As  an  example,  this  is  a  map  of  a  combat  turnaround  area. 
The  area  consists  of  nine  aircraft  parking  spots  with  an  explo¬ 
sive  limit  of  2344  lbs  NEW  each,  and  four  service  alleys  which 
are  used  to  preposition  equipment  and  munitions  with  an  explo¬ 
sives  limit  of  4688  lbs  NEW  each.  Each  spot  is  separated  by  an 
ARMCO  revetment  barricade  to  prevent  simultaneous  detonations 
of  explosives  from  one  potential  explosion  sice  or  PBS  to 
another  PES.  Because  the  sites  are  so  close  together  (K1.25  in 
this  case) ,  aircraft  in  adjacent  cells  will  suffer  various 
degrees  of  damage  from  slight  to  total  destruction  from  the 
initial  blast  overpressure  depending  on  the  distance  from  the 
PES.  Although  simultaneous  detonation  would  be  prevented  by 
the  barricades,  the  resulting  fuel  fires  may  cause  propagation 
of  the  explosion. 

As  you  can  see  on  the  map,  there  are  a  large  number  of 
facilities  located  within  the  1,250  foot  minimum  fragment 
hazard  distance  of  the  PES.  These  facilities  house  a  wide 
variety  of  operations  ranging  from  the  squadron  operations 
building  to  the  flightline  dining  hall.  For  each  facility  we 
can  compute  the  maximum  expected  blast  overpressure  and  the 
resultant  damage  expected.  For  example,  this  is  the  dining 
hall.  It  is  a  wood  frame  structure  located  450  feet  from  the 
PES.  There  is  unbarricaded  line  of  sight  from  the  PBS  because 
of  this  entry  road  through  the  ARMCO  revetment  wall  surrounding 
the  parking  ramp.  At  this  distance  (a  K-f actor  of  about  27) 
the  expected  overpressure  would  be  2  PSI.  Personnel  located  in 
the  building  may  be  injured  by  direct  fragments  or  secondary 
fragments  such  as  broken  glass  or  building  debris.  The  build¬ 
ing  will  receive  minor  blast  damage,  including  broken  window 


glass,  and  direct  fragment  damage.  For  the  limited  quantity  of 
explosives  at  the  PES,  the  risk  of  personnel  injury  or  facility 
damage  due  to  low  angle,  high  speed  fragments  can  be  reduced  by 
construction  of  barricades  at  the  dining  hall.  We  would  recom¬ 
mend  the  use  of  barricades  in  this  case  even  though  we  obtain 
no  reduction  in  the  safety  distance  by  their  use.  Note  that 
many  essential  facilities  are  already  barricaded  to  provide 
protection  from  enemy  attack.  It  is  convenient  that  these  bar¬ 
ricades  can  also  protect  us  from  inadvertent  explosions  of  our 
own  munitions. 

Let's  take  a  brief  look  at  mishap  probability.  Although 
soft  values  were  often  used  during  SSEAs,  we  can  arrive  at  some 
"hard"  mathematical  values  here.  Before  a  munitions  item  is 
accepted  for  use,  the  Air  Force  conducts  an  extensive  safety 
analysis  to  identify  failure  modes  and  effects,  single  point 
failures,  safe  delivery  parameters  and  so  forth.  In  general, 
this  review  assures  that  the  probability  of  inadvertent  detona¬ 
tion  of  any  munitions  item  is  very  remote;  less  than  one  in  a 
million.  However,  we  must  Insure  that,  in  planning  munitions 
activities,  the  opetational  procedures  developed  do  not  inten¬ 
tionally  or  unintentionally  defeat  design  safety  features. 

Now,  in  general,  the  explosives  safety  standards  do  not 
recognize  probability — or  rather  they  are  based  on  a  probabil¬ 
ity  of  one  that  the  maximum  credible  event,  a  high  order  deto¬ 
nation,  for  example,  will  occur.  The  notable  exception  to  this 
is  the  use  of  public  traffic  route  distances  of  60  percent  of 
the  inhabited  building  distances  based  on  the  transient  nature 
of  the  exposure.  We  were  recently  successful  in  our  arguments 
before  the  DDESB  that  a  similar  case  can  be  made  for  the  tran¬ 
sient  exposure  of  aircraft  on  a  taxiway  or  runway.  Our  goal  in 
this  case  is  to  prevent  damage  to  the  runway  or  taxiway,  and 
distant  runner  showed  us  K4.5  provided  this  level  of  protec¬ 
tion.  The  previous  criteria  were  K-30.  If  the  commander  is 
willing  to  accept  the  very  low  probability  that  aircraft  will 
be  on  the  taxiway  at  the  exact  moment  of  detonation,  a  large 
area  is  freed  for  storage  of  munitions.  We  believe  wider 
acceptance  of  transient  exposures  and  mishap  probability  is 
necessary  in  order  to  meet  operational  needs  and  maintain 
acceptable  safety  standards.  Probability  is  widely  used  as  a 
management  decision  tool  in  aircraft  design,  and  its  further 
extension  to  the  explosives  community  is  the  next  logical  step 
in  our  evolution  from  black  powder  safety. 

These  three  factors  then  combine  to  define  the  specific 
level  of  risk  for  a  given  situation,  and  the  conmander  must 
answer  the  tough  question  "is  this  level  of  risk  acceptable?" 
If  the  risk  analysis  is  thorough,  this  answer  can  be  based  on 
much  more  than  mere  intuition*  That  may  not  mean  the  decision 
will  be  any  easier  to  make,  but  at  least  the  commander  will 
have  a  better  understanding  of  the  effects  of  the  decision. 
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Once  the  decision  is  made»  the  model  leads  us  to  actions 
required.  If  the  risk  is  acceptable  but  current  standards  are 
not  met,  a  waiver  or  deviation  request  must  be  prepared  for 
approval  by  hiqher  headquarters.  Iihia  merely  formalises  and 
documents  the  decision  process  and  using  the  model  from  the 
start  simplifies  this  paperwork  significantly.)  If  the  risk  is 
unacceptable  we  must  eliminate  or  reduce;  the  risk,  by  modifying 
the  system,  using  an  alternate  system,  or  canceling  the 
operation. 

In  our  combat  turnaround  example,  the  commander  decided  to 
evacuate  nonessential  personnel  from  the  area  of  the  operation 
and  to  prohibit  passenger  terminal  operations  while  the  combat 
turnarounds  were  in  progress.  Although  a  waiver  was  still 
required,  the  risk  was  significantly  reduced.  It  Is  often  hard 
to  get  the  point  across  that  waivers,  deviations  and  risk 
assessments  don't  make  things  any  safer,  they  just  help  us 
understand  our  weakness  more  completely.  This  greater  level  of 
understanding,  however,  allows  us  to  focus  our  attention  and  to 
take  action  to  prevent  accidents  caused  by  those  weaknesses. 

In  the  final  analysis,  the  goal  of  risk  analysis  for  explo¬ 
sives  operations  must  be  to  provide  the  maximum  operational 
capability  within  acceptable  (not  minimum)  levels  of  risk.  For 
too  long,  we  in  weapons  safety  have  been  a  negative  factor, 
only  telling  commanders  why  they  could  not  conduct  their  opera¬ 
tions.  Risk  analysis  offers  us  the  opportunity  to  be  an  active 
driving  force  by  showing  the  commander  how  to  do  the  job  better. 
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STRACT 

Is  paper  describes  the  effects  of  airblast  on  buildings  caused  by  an  acciden¬ 
tal  explosion  of  about  1000  kg  of  a  gelatine  explosive  In  a  Swiss  explosives  fac* 
tory.  The  location  of  the  detonated  explosive  charges  and  the  course  of  the  ex¬ 
plosion  are  briefly  summarized.  The  evaluated  building  damages  are  described  and 
compared  with  damage  criteria  given  In  the  literature.  The  location *of  persons 
at  the  time  of  the  explosion  Is  shown,  and  their  Injuries  are  described.  The  ap¬ 
pendix  contains  photos  of  typical  building  damages  and  a  checklist  that  was  used 
to  record  building  damages. 
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INTRODUCTION 


On  Ftbruary  1st  In  1982,  an  accidental  explosion  Involving  about  1000  kg  of  ex> 
plosives  occurred  In  the  "Cheddite  AG"  explosives  factory  at  Isleten,  Switzer¬ 
land.  Two  persons  were  killed  and  a  number  of  employees  suffered  light  Injuries. 
The  factory,  founded  In  1873  by  the  Alfred  Nobel  Society  on  the  occasion  of  the 
construction  of  the  Gotthard  railway  tunnel  Is  located  at  a  remote  place  on  the 
shore  of  Lake  Lucerne. 


Figure  1:  Layout  of  the  Cheddite  AG,  Exploeivee  Factory  at  laleten,  Switzerland 


The  factory  encloses  nearly  100  buildings  which  can  roughly  be  divided  Into  the 
divisions  shown  In  figure  1. 

The  extensive  damage  to  the  buildings  was  registered  and  analyzed  by  the  Swiss 
Defense  Technology  and  Procurement  Group.  The  primary  goal  of  the  Investigation 
was  to  get  first-hand  and  detailed  Information  about  the  effects  of  airblast  on 
buildings.  This  Information  Is  used  to  improve  the  basis  for  the  quantitative 
damage  prediction  In  risk  analyses.  In  Switzerland,  such  risk  analyses  are  per¬ 
formed  for  the  purpose  of  safety  assessment  for  all  military  ammunition  storages 
and  factories. 


ORIGIN  AND  COURSE  OF  THE  EXPLOSION 

The  explosion  occurred  In  a  mixing  building,  shown  In  Figure  2,  In  which  the  com¬ 
mercial  gelatine  explosive  Titadyn  45  had  been  mixed. 

As  far  as  It  Is  known  from  the  official  investigation,  the  explosion  started  when 
a  person  (A)  was  pumping  a  mixture  of  49  %  nitroglycerine,  47  %  nitroglycol  and 
4  %  Dinitrotoluol  (ONT)  from  a  vessel  mounted  on  a  small  electrically  operated 
car  Into  a  mixing  and  kneading  vessel  Inside  the  building.  The  most  likely  Ini¬ 
tial  event  was  the  explosion  of  a  few  kilograms  of  this  mixture  which  were  left 
In  the  vessel  of  the  car.  In  a  second  step,  the  explosion  propagated  to  a  con¬ 
tainer  with  400  kg  gelatine  explosive  Titadyn  45  standing  outside  the  building. 
Then  It  propagated  to  the  two  vessels  Inside  the  building,  one  containing  about 
100  kg  of  the  mixture  of  nitroglycerine,  nitroglycol  and  DNT,  the  other  one  con¬ 
taining  400  kg  gelatine  explosive  Titadyn  45. 

For  the  purpose  of  the  evaluation  of  building  damages  due  to  airblast,  the  TNT 
equivalent  of  the  multiple  explosions  Is  estimated  to  be  about  1000  kg. 


Figure  2:  Horiaontal  section  and  photos  of  the  mixing  building  in  which  the 
explosion  occurred 


OBSERVED  BUILDING  DAMAGES 

The  evaluation  of  the  building  damages  was  performed  in  order  to  get  additional 
information  for  damage  prediction  models  used  in  preliminary  risk  analyses.  For 
this  purpose  simple  and  easily  applicable  models  are  required  which  enable  a 
simple  and  reliable  assessment  of  estimated  building  damages.  Therefore,  no  dis 
tinction  was  made  between  buildings  of  different  construction  types,  age,  etc. 
In  addition,  the  damage  description  was  simplified  by  defining  five  representa- 
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tive  damage  categories  (see  Table  1).  These  definitions  closely  correspond  to 
those  In  similar  Investigations  found  In  the  literature.  In  the  appendix,  lllus 
trative  examples  are  given  for  the  damage  level  of  each  Individual  category. 


Damage  Category 

Description 

A 

building  totally  demolished  and  collapsed 

B 

damage  beyond  repair  and  requiring  demolition 

C 

seriously  damaged;  requires  extensive  repairs  before 
reusable  for  any  purpose 

D 

Slight  damage  to  windows,  glass  panels,  doors  and 
roofs 

E 

Minor  damage  to  glass  or  miscellaneous  small  Items 
(similar  to  damage  caused  by  strong  wind) 

Table  1:  Definition  of  damage  aategopiea 

The  damages  recorded  for  more  than  a  hundred  buildings  were  classified  according 
to  these  five  categories.  Since  the  mixing  building  was  almost  completely  sur¬ 
rounded  by  earth  barricades,  the  debris  throw  from  building  and  crater  did  not 
significantly  contribute  to  the  damages.  Therefore,  It  can  be  assumed  that  prac¬ 
tically  all  building  damages  were  caused  by  the  effects  of  the  airblast  only. 

Figures  3  and  4  show  the  results  of  the  classification  of  the  building  damages: 
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In  Figure  4  the  damage  categories  of  the  Investigated  buildings  are  plotted 
against  their  distance  from  the  center  of  explosion. 


Figure  4:  Building  dmagea  vereue  dietanoe  and  aoaled  diatance  from  the  ex- 
ploaion  aouroe 


As  expected,  a  large  scatter  of  the  data  points  can  be  observed  In  each  category. 
This  scatter  can  be  attributed  to  the  differences  In  the  buildings  such  as  load 
bearing  capacity  and  ductility  of  the  structural  elements,  building  height,  form 
and  material,  existence  of  barricades,  etc.  All  these  factors  may  Influence  the 
actual  damage  level  at  a  given  airblast  Intensity. 

Moreover,  It  can  be  observed  that  the  data  points  of  categories  D  and  E  some- 
times  heavily  overlap.  This  Is  due  to  the  fact  that  the  classification  of  the 
building  damage  at  low  damage  levels  Is  not  always  clear-cut.  Since  these  damage 
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levels  ere  usually  not  relevant  to  injuries  of  persons,  this  inaccuracy  is  of  no 
importance  for  risk  analyses. 


EFFECTS  ON  PERSONS 

At  the  time  of  the  explosion,  39  persons  were  present  at  a  distance  of  about 
200  meters  around  the  explosion  center.  34  of  them  were  inside  buildings  and  five 
in  the  open. 

Figure  5  shows  the  positions  of  these  39  persons  at  the  time  of  the  explosion. 
Besides  the  two  persons  who  were  working  in  the  exploded  mixing  building  and  who 
were  killed  instantaneously,  only  one  employee  walking  at  a  distance  of  about 
35  m  (p  2  1  bar!)  was  injured  significantly.  He  was  thrown  away  by  the  blast 
wave  and  suffered  a  shock  and  a  few  minor  wounds.  He  was  hospitalized  for  two 
weeks.  About  ten  persons  in  the  range  of  40  to  200  m  were  slightly  harmed  by 
glass  fragments.  The  rest  of  the  staff  was  not  injured. 


COMPARISON  WITH  EXISTING  DAMAGE  CRITERIA 

The  most  essential  factor  for  the  risk  to  which  persons  inside  buildings  are  ex¬ 
posed  usually  is  the  behavior  of  the  structure,  i.e.  whether  it  collapses  or  not 
(limit  between  damage  criterion  A  and  B).  This  statement  can  be  illustrated  by 
the  heavily  damaged,  but  not  collapsed  building  number  20  (see  Figure  5),  where 
three  persons  were  working.  All  of  them  were  only  slightly  injured  by  glass  frag¬ 
ments.  The  inspection  of  this  building  showed  that  a  slightly  stronger  airblast 
would  have  caused  the  collapse  of  the  ceiling  which  was  already  half  a  meter  be¬ 
low  its  original  position.  A  collapse  would  have  killed  the  three  persons  instan¬ 
taneously. 


Damage  category  A,  being  the  most  Important  one,  has  been  chosen  for  comparison 
with  damage  criteria  from  the  literature.  The  following  damage  criteria  found  In 
the  literature  were  selected  for  comparison: 

a)  Jarrett  (Ref.  2,  1968)  gives  the  following  relationship  for  "almost  complete 
demolition": 
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r  (distance  In  m)  W  (charge  In  kg) 

The  Investigation  of  Jarrett  Is  based  on  the  evaluation  of  several  acciden¬ 
tal  explosions. 

b)  Wilton  (Ref.  3,  1966)  (and  various  other  authors)  take  the  Incident  over¬ 
pressure  as  the  characteristic  value  for  building  damages. 

Total  demolition  of  average  inhabited  buildings  occurs  at 


p  »  0.4  bar 


The  Investigation  of  Wilton  is  based  on  nuclear  and  large  high  explosive 
tests. 


In  Figure  6,  the  damage  criteria  of  Jarrett  and  Wilton  are  presented  In  form  of 
the  well-known  p- I -diagram  (pressure-impulse  diagram): 


For  a  charge  weight  cf  1000  kg,  the  criterion  of  Jarrett  leads  to  a  radius  of 
total  demolition  of  28  m.  The  criterion  of  Wilton,  however,  leads  to  a  radius  of 
55  m.  These  values  are  shown  In  the  map  of  Figure  7: 
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Figure  7:  Outer  limits  of  damage  category  /< 

As  Figure  7  shows,  the  damage  radius  predicted  by  Jarrett  closely  corresponds  to 
the  actually  observed  damage,  whereas  the  prediction  of  Wilton  strongly  overesti¬ 
mates  the  effects.  The  reason  for  these  differences  Is  that  for  small  explosions 
the  impulse  is  the  important  factor  for  the  collapse  of  the  building  and  not  the 
pressure  (see  Figure  6). 


SUMMARY  AND  CONCLUSIONS 

On  the  occasion  of  an  accidental  explosion  involving  about  1000  kg  of  gelatine 
explosive  in  a  Swiss  explosives  factory  on  February  1st,  1982,  an  extensive  In¬ 
vestigation  of  the  damage  on  buildings  by  airblast  was  performed.  The  primary 
goal  of  this  Investigation  was  to  Improve  damage  prediction  models  for  the  pur- 


pose  of  risk  analyses  of  explosives  and  ammunition  factories.  In  the  course  of 

this  Investigation  the  following  conclusions  were  drawn: 

-  The  risk  to  persons  Inside  buildings  due  to  an  airblast  Is  determined  by  the 
fact  whether  the  building  can  withstand  the  blast  load  or  whether  it  will  col¬ 
lapse. 

-  In  predicting  the  possibility  of  collapse,  the  peak  overpressure  or  the  Im¬ 
pulse  can  be  of  Importance.  The  Impulse  criterion  is  Important  for  relatively 
small  explosions,  whereas  the  peak  overpressure  criterion  Is  valid  for  large 
explosions  only. 

-  The  observed  damages  to  buildings  show  a  considerable  scatter.  This  is  due  to 
differences  In  construction  types,  age,  height,  form,  etc. 

-  The  experience  collected  from  this  explosion  is  only  a  drop  In  the  bucket.  It 
does  not  allow  to  draw  new  conclusions  with  respect  to  damage  prediction  mod¬ 
els  for  buildings.  However,  It  has  clearly  shown  that  a  systematic  collection 
of  data  on  building  damages  could  lead  to  improved  prediction  models  in  the 
future.  Resides  an  evaluation  of  explosion  events  in  the  past,  it  would  be 
most  beneficial  to  collect  all  information  on  building  damages  and  the  effects 
on  persons  as  well  as  on  explosives  or  other  substances  (propagation)  from 
future  accidents  (see  Appendix).  The  evaluation  of  actual  accidents  is  still 
the  best  starting  point  to  improve  the  safety  in  the  explosives  industry. 


ACKNOWLEDGEMENT 

The  permission  to  report  on  this  accident  and  the  assistance  in  the  preparation 
of  the  data  by  the  management  of  the  explosives  factory  "Cheddite  AG"  is  grate¬ 
fully  acknowledged. 


REFERENCES 

(1)  Gruppe  fUr  RUstungsdIenste: 

"ExploslonsunglUck  vom  1.  Februar  1982  in  der  Schweizerlschen  Sprang- 
staff  AG  Cheddite.  Isleten;  Schadenbilder" 

P.  Janser,  Ernst  Basler  &  Partner,  TM  3113-10,  Febr.  82 

(2)  D.E.  Jarrett: 

“Derivations  of  the  British  Explosives  Safety  Distances" 

Annals  of  the  New  York  Acadetay  of  Sciences,  Volume  152,  Art.  1,  Oct.  68 

(3)  C.  Wilton,  B.  Gabrielson: 

“House  Damage  Assessment" 

URS  Research  Company,  San  Mateo,  Cal. 

Defense  Nuclear  Agency  Report  DNA  2097  G,  Jan.  73 


750 


APPENDIX 


EXAMPLES  FOR  BUILDING  DAMAGES 


CHECKLIST  TO  RECORD  BUILDING  DAMAGES 


DAMAGE  CATEGORY  A 


Building  Nr.  23 


Distance  from 
source: 
r  =  17  m 

Incident  over¬ 
pressure: 
p  =  2.5  bar 

Incident  Impulse: 
1  =  15  bar^msec 


Building  Nr.  22 


r  =  26  m 
p  =  1.7  bar 
1  =  10  bar’msec 


DAMAGE  CATEGORY  C 


Building  Nr.  19 

r  =  78  m 
p  =  0.23  bar 
1  =  3.7  bar-tnsec 


Building  "Scheune" 

r  =  105  m 
p  =  0.15  bar 

i  =  2.8  bar -msec 


DAMAGE  CATEGORY  D 


DAMAGE  CATEGORY  E 


Building  Nr.  53 

r  =  215  m 
p  =  0.06  bar 

i  =  1.45  bar -msec 
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CHECKLIST  TO  RECORD  BUILDING  DAMAGES 


Place  of  Explosion: 

Date  of  Explosion: 
Estimated  Charge  Weight: 
Building  Nr. : 


Description  of  Type  and  Construction  of  Building: 


Description  of  Observed  Damage: 


Description  of  Injuries  to  Persons  present  during  the  Explosion  inside  and 
around  the  Building: 


Description  of  Operation  Performed  during  the  Explosion: 
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MODELING  DEBRIS  EFFECTS  PRODUCED  BY  A  HIGH  YIELD  EXPLOSION 


A,  Longinow*  T.  E.  Watennan**  H.  S,  Napadensky** 


were  det 
t1on  of 


-^■Among  the  objectives  of  the  study  {itefr— r)  on  which  this  paper  is  based 
were  determination  of  the  combustible/noncombustible  makeup  and  the  distribu¬ 
tion  of  debris  piles  that  would  be  produced  in  an  urban  area  subjected  to  a 
nuclear  weapon  attack.  This  paper  describes  the  method  used  in  meeting  these 
objectives  and  illustrates  its  application  by  means  of  an  example  problem.^^ 


THE  DEBRIS  PROBLEM  ' 

Debris,  as  defined  here,  is  material  translated  by  the  blast  from  a  nuclear 
explosion.  The  sources  of  debris  are  varied  and  depend  on  the  local  area. 

Most  debris  comes  from  objects  broken  apart  by  the  blast,  such  as  buildings, 
garages,  fences,  utility  poles,  trees,  shrubs,  cars,  etc.,  also,  whole  objects 
such  as  gravel,  picked  up  and  transported  by  the  blast  wind.  Such  material  can 
cause  casualties  and  damage  to  facilities  as  a  result  of  high  energy  impact  and/ 
or  accumulation.  Debris  accumulations  in  streets  can  impede  or  prevent  rescue 
operations  and  can  also  be  a  source  of  fuel  for  the  spread  of  fires. 

Knowledge  of  debris  hazards  is  important  to  the  civil  defender  who  must 
identify  areas  where  shelters  can  be  sited  and  develop  rescue  plans,  firefighting 
activities  and  debris  clearance  operations.  This  knowledge  is  important  for 
the  planner  of  critical  facilities  to  design  and  site  his  structures  sufficiently 
far  away  from  potential  debris  sources. 

Debris  profiles  in  the  direct  vicinity  of  any  given  building  will  depend 
on  certain  characteristics  of  the  neighborhood,  i.e.,  types  of  neighboring 
buildings,  their  strengths,  relative  positions,  separation  distances,  sizes, 
and  contents.  Direction,  distance  and  intensity  of  blast  also  must  be  known. 
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IL  60616  (Formerly  Department  of  Civil  Engineering,  Valparaiso  University, 
Valparaiso  IN  46383) 
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A  building  which  does  not  fall  while  other  buildings  In  Its  vicinity  fall 
catastrophically  may  serve  as  an  accumulator  for  some  portion  of  upstream  debris. 
The  debris  will  pile  up  on  It**  windward  side  and  possibly  Inside  the  building  It¬ 
self.  Should  this  building  contain  a  basement  shelter  with  an  air  Intake  located 
at  ground  level  on  the  windward  side,  debris  accumulation  could  block  the  vent. 
Also,  depending  on  the  composition  and  state  (burning,  smoldering)  of  this  debris, 
the  shelter  may  fill  with  toxic  gases  and  smoke,  and  the  shelter  building  may  be 
ignited. 

The  local  composition  of  a  debris  pile  depends  on  a  number  of  different 
parameters.  Among  these  are  the  flight  characteristics  of  individual  Itens  of 
debris  and  the  extent  to  which  they  Interact  with  each  other  while  In  transit. 

At  a  given  accumulator,  the  debris  from  an  upwind  building  may  be  segregated; 
with  light,  corrbustible  debris  at  the  bottom  and  heavy  combustibles  intermixed 
with  noncombustible  debris  at  the  top  of  the  pile.  One  can  also  postulate  a 
situation  in  which  the  debris  from  the  break“p  and  contents  of  a  building  are 
essentially  segregated  in  terms  of  combustibles  and  noncombustibles. 

Parameters  that  need  to  be  considered  In  a  local  debris  distribution  analy¬ 
sis  of  a  single  building  or  group  of  buildings  can  be  categorized  as: 

1)  Building  and  neighborhood  geometry  (building  heights,  plan  areas, 
separation  distances,  etc.) 

2)  Loading  on  building  components  and  contents. 

3)  Failure  character! scics  of  building  and  components  (failure  modes, 
failure  loading,  time  to  failure) 

4)  Physical  characteristics  of  debris  (size,  shape,  weight) 

5)  Aerodynamic  characteristics  of  debris  (drag  and  lift  coefficients) 

PREVIOUS  WORK 

"Debris  production  and  distribution"  has  received  a  fair  amount  of  atten¬ 
tion  among  the  agencies  concerned  with  different  aspects  of  this  subject  area. 
Experimental  (field)  studies  conducted  over  the  past  two  decades  have  dealt 
with  the  fracturing  and  destruction  of  Individual  buildings  of  brick,  concrete 
masonry  and  wood  framed  construction,  free  standing  masonry  walls  with  and 
without  mortared  joints,  trees,  cars,  special  structlons  and  equipment,  etc. 

(Ref.  2  through  9).  No  field  test  work  has  been  done  on  groips  of  buildings 
representing  urban  or  suburban  blocks  or  neighborhoods. 
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Concurrent  with  field  studies,  debris-related  work  was  conducted  In  the 
laboratory  using  various  shock  tubes.  The  URS  shock  tunnel  has  been  used  ex¬ 
tensively  In  the  civil  defense  area  to  study  the  fracture  strength  of  conven¬ 
tional  masonry  walls  having  various  perimeter  conditions. 

Concurrent  analytic  studies  In  the  civil  defense  sector  have  dealt  with  the 
gross  distribution  of  debris,  taking  into  account  large  urban  areas  and  numerous 
building  types  (Ref.  10.  11).  debris  clearance  studies  (Ref.  12.13).  debris 
formation  and  translation  (Ref.  14.  15;  16).  Comparatively  little  work  has 
been  directed  at  the  combustible/noncombustible  distribution  within  debris  piles. 

PREDICTING  THE  DISTRIBUTION  OF  BLAST-INITIATED  DEBRIS 

Loading  and  Response  Analysis  -  The  analytic  ,  rocess  for  determining  the  “Inci¬ 
pient  collapse"  of  a  building  and  the  corresponding  debris  characteristics  Is 
Illustrated  In  Figure  1.  It  Is  described  as  follows: 

Given  a  nuclear  weapon  attack  condition,  the  first  step  Is  to  determine  the 
free  field  airblast  environment  at  the  location  of  the  building.  In  this  step 
the  Ideal  airblast  wave  Is  modified  by  considering  the  Influence  of  local  ter¬ 
rain  features  such  as  neighboring  buildings  or  other  obstructions.  Pressure¬ 
time  histoHes  acting  on  the  external  portions  (walls,  doors,  roof,  etc.)  of  the 
building  a  .  '  led  uy  further  modifying  the  local  blast  environment  as  In¬ 

fluenced  by  the  building  geometry. 

Buildings  contain  numerous  openings  (doors,  windows':  therefore,  the 
building  will  be  subjected  both  to  external  pressures  and  liifcen.a!  fil'  pres¬ 
sures  as  the  blast  wave  progresses  through  and  engulfs  the  building.  A  method 
for  determining  average  fill  pressures  and  flow  velocities  In  rooms  having 
simple  geometries  Is  given  In  Ref.  14. 

Having  determined  the  time  dependent  net  loading  on  the  building  and  on 
Its  Individual  components,  the  next  step  Involves  a  structural  response  analysis. 

Buildings  consist  of  closed  networks  of  beam,  column,  and  plate  elements. 
Analysis  of  the  structural,  dynamic  response  of  such  a  network  as  a  continuous 
structure  Is  currently  a  practical  possibility  only  for  sufficiently  simple 
geometries  and  loading;  then  only  If  elastic  response  Is  sought.  For  this  rea¬ 
son.  and  In  order  to  produce  usable  results  In  the  shortest  time,  the  building 
analysis  process  is  generally  a  step  by  step  procedure  which  considers  only 
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the  dominant  modes  of  response  and  relies  heavily  on  experimental  data.  In 
this  approximate  approach*  the  building  Is  decomposed  Into  Its  principal  and 
subsidiary  components.  Subsidiary  components  are  those  which  do  not  affect  the 
response  of  the  building  as  a  whole  to  any  significant  degree,  but  which  are 
still  debris -producing.  These  are  handled  separately.  The  principal  components 
are  loaded  using  the  net,  time-dependent  loading  determined  as  described  pre¬ 
viously.  Support  conditions  are  approximated  to  correspond  to  those  of  the 
actual,  combined  structure.  The  response  analysis  proceeds  on  a  component  by 
component,  time  step  by  time  step  basis.  Since  the  loading  acting  on  each  com¬ 
ponent  In  this  chain  depends  on  the  net  loading  and  response  of  adjoining  compo¬ 
nents,  the  analysis  Is  necessarily  an  Iterative  procedure  as  Indicated  In  Figure  1 
The  end  result  consists  of  a  debris  catalog  containing  the  size,  weight,  original 
location,  etc.  of  each  debris  piece  to  be  used  In  the  transport-trajectory  analy¬ 
sis. 

Relationship  of  Debris  to  Building  Damage  -  Unless  a  building  Is  completely  des¬ 
troyed,  only  the  parts  of  the  structure  that  fall  under  blast  loading  (plus  the 
contents  of  the  failed  part  of  the  structure)  become  debris.  Except  for  wood- 
frame  and  load-bearing  masonry  buildings,  many  buildings  have  relatively  light 
walls  and  partitions  that  will  fall  at  a  much  lower  overpressure  than  the  frame 
Itself.  Figure  2a  Is  a  typical  "debris  chart"  (Ref.  11).  Points  1  and  2  are 
the  Initiation  and  completion,  respectively,  of  failure  of  frangible  (diffrac¬ 
tion  phase  sensitive)  elements  such  as  panels,  doors,  suspended  ceilings,  etc. 

The  location  of  these  points  Is  relatively  Independent  of  weapon  yield.  The 
plateau  from  point  2  to  point  3  Is  caused  by  the  difference  In  overpressure  be¬ 
tween  the  final  failure  of  the  frangible  parts  of  the  building,  and  the  start 
of  failure  of  the  drag-sensitive  (ductile)  portions  of  the  building.  The  loca¬ 
tion  of  points  3  and  4  Is  determined  by  the  failure  characteristics  of  the  main 
structural  system,  point  3  representing  the  overpressure  at  which  elements  of 
the  main  structural  system  would  begin  to  fall,  and  point  4  representing  the 
overpressure  for  complete  destruction.  The  location  of  points  3  and  4  Is 
weapon  yield  sensitive.  Figure  2a  shows  the  pattern  for  a  multistory  frame 
building  for  both  1-MT  and  25-MT  weapons.  The  height  of  the  plateau  Is  deter¬ 
mined  by  the  portion  of  the  total  building  represented  by  the  frangible  parts 
and  the  contents  of  the  above-ground  floors. 
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Wood-frame  and  masonry  buildings  have  very  little  ductility  and  points  2 
and  3  practically  coincide!  eliminating  the  plateau  effect.  Figure  2b  Is  a 
debris  estimate  for  wood-framed  residential  buildings.  Debris  begins  to  form 
at  about  2  psi  and  the  building  Is  con^letely  collapsed  at  5  psi.  Load-bearing 
masonry  structures  may  fall  at  somewhat  higher  overpressures  but  the  debris 
chart  looks  very  much  like  that  shown  In  Figure  2b. 

Debris  Trajectory  Analysis  -  Data  Requirements 

The  Input  data  and  Information  required  for  the  trajectory  analysis  are 
described  In  Figure  3.  These  Include  a  physical  description  of  the  debris, 
such  as  Its  size,  weight  and  geometry,  and  any  other  pertinent  characteristics 
which  can  be  determined  such  as  moment  of  Inertia.  Secondly,  the  initial  free- 
fllght  characteristics  of  the  debris  must  be  established.  These  include  the 
time  of  release  of  the  piece  of  debris  Into  the  blast  environment.  Its  location 
at  the  time  of  release,  and  Initial  motion  data.  These  categories  of  Input 
data  are  generated  In  part  from  the  specific  response  analysis  discussed  In  the 
preceding  section,  or  estimated  from  experimental  data. 

The  trajectory  calculation  also  requires  aerodynamic  data  on  the  class  of 
debris  shapes  encountered.  These  data  Include  drag  and  11ft  coefficients, 
each  as  a  function  of  orientation  angle  (angle  of  attack).  The  data  must  In¬ 
clude  all  orientations  since  most  pieces  of  debris  will  be  expected  to  tumble 
and  rotate  as  they  are  transported  through  the  air. 

The  blast  wind  Is  the  primary  driving  force  In  the  transport  problem  (which 
also  Includes  gravitational  effects)  and  a  satisfactory  treatment  of  this  vari¬ 
able  has  already  been  developed  (Ref.  17)  and  Is  used  here. 

Any  piece  of  debris  which  Impacts  with  the  ground  plane  during  the  early 
portion  of  the  blast  environment  may  bounce,  I.e.,  not  be  captured,  and  even 
If  much  momentum  Is  lost  as  a  result  of  the  Impact  the  aerodynamic  forces  will 
generally  be  sufficiently  large  to  loft  the  piece  of  debris  and  cause  It  to  be 
transported  some  additional  distance.  Once  lofted,  the  piece  of  debris  will 
acquire  additional  momentum  and  again  represent  a  hazard. 

Debris  Trajectory  Analysis  -  Transport  Model  -  A  simple  rectangular  block  free 
to  translate  and  rotate  In  two  dimensions  Is  used  to  represent  a  piece  of  debris. 
It  is  defined  by  four  comer  points.  Symbols  representing  Its  dimensions  are 
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shown  In  Figure  Aa*  and  Include  D1»  the  vertical  distance  from  comer  point  1 
to  the  center  of  gravity;  D2,  the  vertical  distance  from  comer  point  2  to  the 
center  of  gravity;  H,  the  total  height;  SI,  the  horizontal  distance  from  comer 
point  1  to  the  center  of  gravity;  and  S2,  the  horizontal  distance  from  comer 
point  2  to  the  center  of  gravity.  Additional  parameters  needed  to  describe  a 
piece  of  debris  Include  Its  width  (normal  to  the  plane  of  the  paper),  weight 
and  mass  moment  of  Inertia.  The  model,  therefore,  requires  that  an  Irregular 
piece  of  debris  must  be  Idealized  by  means  of  a  rectangular  solid. 

Blast  loading  consists  of  diffraction,  drag  and  lift  forces.  Time  depen¬ 
dent  diffraction  loading  Is  applied  as  shown  In  Figure  4b  and  consists  of  forces 
acting  at  the  center  of  each  of  the  four  planes.  These  forces  are  computed 
as  follows: 

P^2  “  V2(Pi+P2)  (Si+Sg)  W 
P23  “  1/2(P2+P3)  H*W 
P34  -  1/2(P3+P4)  iSy+S^)  W 
P41  -  1/2(P4+Pi) 

Where  P^(1  »  1,4)  are  pressures  in  the  blast  wave  acting  at  the  corner  points 
and  W  Is  the  width  normal  to  the  plane  of  the  paper.  The  net  effect  of  this 
loading  vanishes  once  the  shock  clears  around  the  block. 

Drag  and  lift  forces  are  applied  as  shown  In  Figure  4c  and  are  defined  as 
follows: 

Drag  force:  D  »  q(t)Aj(e)  (2) 

Lift  force;  L  =  q(t)A^(e)  (3) 

where  q(t)  1s  the  dynamic  pressure  of  the  flow  and  A^  and  A^^  are  position  de¬ 
pending  drag  and  lift  areas  which  are  expressed  as  follows: 

*<l  ■  ''d.Hn  *  (''diMx  -  -  ?  >  (4) 

^dmln*  ^dmax*”^  \max  respectively/ the  minimum  drag  area,  the  maximum  drag 
area  and  the  maximum  lift  area  of  the  pgid  block.  They  are  obtained  by  multi¬ 
plying  the  actual  areas  by  appropriate  drag  and  lift  coefficients  (Ref.  18), 

As  shown  In  Figure  4c,  the  drag  force  Is  assumed  to  act  at  the  center  of 

the  projected  horizontal  area.  Its  eccentricity  (a)  Is 
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The  lift  force  Is  assumed  to  act  at  the  center  of  gravity  (c.g.)  and,  therefore, 
has  no  associated  eccentricity. 

The  final  set  of  forces  which  may  act  on  the  piece  of  debris  are  contact 
forces  which  occur  on  Impact  with  either  a  horizontal  or  a  vertical  surface. 
These  contact  forces  are  broken  down  onto  the  horizontal  (H),  and  vertical  (V) 
components  acting  at  the  four  comer  points  of  the  block  (see  Figure  4d). 

The  following  forces  apply  (where  the  subscript  1  refers  to  the  specific 
point  In  contact:  1  *  1,2,3  or  4. 

For  contact  with  floor: 

»-KL  y^  y^  <0  and  y^<0 

*"Ku  y^  .  y^  <0  and  (7) 

=  0  y,  >0 

H,  -uV,  (|«,l/5,) 

For  contact  with  wall; 

•  KL(x^-x^)  and  x^>0 

■  Ku(x^-x^)  ^l^’^w 

•  0 

V,  •  uH,  ([},  1/f,) 

where 

x^  -  coordinate  of  the  wall 
KL  -  spring  constant  for  loading 
Ku  -  spring  constant  for  unloading 

V  -  coefficient  of  friction 

The  governing  equations  for  computing  the  trajectory  of  the  block  are  given 
as  follows: 

■  D-H^-Hg-Hj-H^+P^gSlne  -P23COS0  -Pj^slne  +P^^cos  (9) 

-  L+V^+Vg+Vj+V^+P^g^'os®  +P23s1ne-P3^cose-P^^s1n0-Mg  (10) 
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10  »  Da  +  H^(D^cos6-SiSlne)  +  H2(D'jCose+S2sine) 

-  H2(D2Cos0-S2Slne)  -  H^CDgCose+s^sine) 

+  V^(D^sine+S^cose)  +  V2(D^s1ne-  SgCose) 

-  VgCDgSine+SgCose)  -  V^COgSlne-s^cose)  (11) 

-  P,2((V^1^/2)  -  P23(H/2-D,) 

+  P34((S2-Si)/2)  +  P4t(H/2-0,) 

In  equations  (9),  (10)  and  (11): 

M  =  the  mass  of  debris  piece 

I  =  the  mass  moment  of  Inertia 

The  other  parameters  are  as  shown  In  Figure  4  and  defined  previously. 

ILLUSTRATION  OF  DEBRIS  DISTRIBUTION  ANALYSIS 

The  building  used  In  the  analysis  Is  shown  In  Figure  5  (Ref.  14,  21).  This 
Is  a  small,  two-story  office  building  whose  basic  building  module  has  plan  dimen¬ 
sions  of  13-ft  by  23-ft,  The  building  consists  of  eight  basic  modules.  The 
structural  system  Is  a  reinforced  concrete  franws.  Roof  and  Intermediate  floor 
consist  of  one-way  reinforced  concrete  slabs.  In  the  long  direction  the  building 
Is  enclosed  by  unreinforced  concrete  masonry  walls  and  window  walls  arranged  In 
a  staggered  pattern.  Exterior  walls  In  the  short  direction  consist  of  masonry 
without  windows.  Each  module  of  the  building  Is  assumed  to  contain  furnishings 
which  Include  a  sofa,  a  table,  two  arm  chairs.  Four  small  chairs  and  a  desk.  The 
sizes  and  arrangement  of  these  Items  In  the  room  Is  described  In  Ref.  14  and  21. 

The  building  Is  assumed  to  be  located  at  the  5  psi  range  of  a  1-MT  near¬ 
surface  burst.  Its  front  wall  (see  Figure  Ba)  Is  oriented  at  right  angles  to 
the  direction  of  the  blast  wave.  At  this  range  the  longitudinal  masonry  walls, 
which  have  an  Incipient  collapse  overpressure  of  0,5  psi,  will  fall  catastroph¬ 
ically  as  will  the  transverse  studwalls.  The  structural  frame.  Including  floor 
and  roof  slabs  and  the  transverse  masonry  walls,  are  expected  to  remain  In  place. 
Debris  will  consist  of  broken,  longitudinal  masonry  walls,  transverse  studwalls 
and  furniture.  Window  glass  will  become  debris;  however.  Its  transport  Is  not 
considered  In  this  analysis. 

Before  a  debris  transport  analysis  can  be  performed.  It  Is  first  necessary 
to  determine  the  number  and  size  of  primary  pieces  of  debris  that  will  be 
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produced  when  a  given  wall  Interacts  with  the  blast  wave,  and  the  number  and 
size  of  secondary  pieces  that  will  result  when  a  primary  piece  impacts  the  floor. 
This  was  determined  using  experimental  data. 

The  Initial  crack  pattern  chosen  for  the  longitudinal  masonry  walls  Is 
shown  In  Figure  6a  and  corresponds  to  experimental  results  (Ref.  19)  for  a  sim¬ 
ply-supported  masonry  wall  having  the  same  dimensions.  This  figure  shows  the 
primary  pieces  produced  when  the  wall  Interacts  with  the  blast  wave.  An  assumed 
secondary  debris  pattern  Is  shown  in  Figure  6b.  Each  primary  piece  is  assumed 
to  break  up  In  pieces  having  four  different  sizes,  I.e.,  one-,  two-,  three-  and 
four^block  sizes.  These  sizes  correspond  approximately  to  those  obtained  In  the 
URS  shock  tunnel  for  similar  walls. 

A  debris  catalog  was  prepared  In  which  each  piece  of  debris  was  described  ,! 
in  terms  of  the  data  required  by  the  transport  model  (See  Figure  4),  x,y,z  cOdi^-  ' 
dinates  of  its  center  of  gravity  relative  to  one  corner  of  the  building,  and 
time  of  separation.  Initial  velocity  was  set  equal  to  zero.  Time  was  taken  to 
be  zero  when  the  blast  wave  was  coincident  with  the  plane  of  the  front  of  the 
building,  and,  therefore,  the  time  of  separation  for  the  front  wall  was  also 
zero.  The  actual  time  to  failure  was  estimated  to  be  0.04  sec.  This  was  con¬ 
sidered  to  be  small  In  comparison  to  the  positive  phase  duration  of  the  blast 
and  was,  therefore,  neglected.  For  the  other  Items,  furniture  and  the  back  wall, 
the  time  to  separation  was  computed  using  the  shock  velocity  and  the  distance 
from  the  front  wall  to  the  center  of  gravity  of  the  given  items. 

The  first  part  of  the  analysis  dealt  with  the  primary  wall  pieces  (Figure  6a) 
their  motion  was  traced  until  each  piece  touched  the  floor  or  the  ground  plane. 

At  that  point  It  was  assumed  to  break  up  Into  the  preassigned  number  of  second¬ 
ary  pieces  (Figure  6b).  The  Initial  conditions  of  forward  distance,  velocity, 
acceleration  and  time,  were  those  for  the  center  of  gravity  of  the  primary 
debris  piece,  the  other  two  coordinates  were  pre-assigned.  The  transport  of 
each  secondary  piece  was  continued  until  Its  velocity  became  smaller  than  a  pre¬ 
assigned  value.  The  final  positions  of  wall  debris  produced  by  one  half  of  the 
building  (the  four  modules  shown  In  Figure  5b)  are  shown  In  Figure  7.  Only 
masonry  wall  debris  Is  Included.  Furniture  Items  and  studwall  debris  traveled 
significantly  greater  distances.  The  debris  from  the  four  walls  are  Identified 
In  Figure  7.  Two  of  the  walls  are  similarly  Identified  In  Figure  5b. 
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The  debris  from  segments  D  (Figure  6a)  of  the  two  front  walls  travel  an 
average  of  about  18  feet  and  remain  within  the  building.  The  longest  distance 
(about  100  feet)  Is  traversed  by  the  smaller  pieces  (one  block  In  size)  from 
the  upper  rear  wall. 

Calculations  Indicate  that  It  takes  approximately  0.04  sec  for  the  wall  to 
reach  Incipient  failure.  I.e.,  to  form  the  crack  pattern  shown  In  Figure  6a. 

An  average  of  0.50  sec  Is  then  required  for  the  Individual  (large)  pieces  to 
Impact  with  the  ground  plane,  /^proxlmately  3  seconds  would  elapse  from  the 
time  of  wall  failure  to  the  time  all  of  the  pieces  shown  In  Figure  7  come  to 
rest. 

Velocity  histories  of  furniture  Items  are  shown  In  Figure  8.  These  curves 
contain  numerous  jumps  Indicating  Impacts  with  the  ground  plane.  These  Items 
were  assumed  not  to  break  up  while  In  motion.  Furniture  debris  were  transported 
significantly  faster  and  further  than  masonry  wall  debris.  The  longest  trans¬ 
ported  distance  was  330  feet  for  the  table,  and  the  shortest  was  164.5  feet  for 
the  chair.  The  presence  of  an  accumulator  (stronger  structure)  In  the  path 
of  the  debris  would  create  a  pile  with  a  high  concentration  of  furniture  near 
the  ground  against  the  accumulator,  covered  by  a  layer  composed  primarily  of 
masonry.  The  order  of  arrival  of  debris  pieces  at  any  given  accumulator  loca¬ 
tion  can  be  extracted  from  calculated  position-time  data  for  each  debris  piece. 

CLOSURE 

The  method  described  provides  a  basis  for  determining  1)  the  makeup  of 
debris  piles  from  various  debris  sources,  2)  the  hazard  to  a  facility  due  to 
debris  Impact  and/or  debris  accumulation. 

2.  The  task  of  accounting  for  each  piece  of  debris  as  was  done  here  Is 
tractable  when  the  source  Is  relatively  small  and  Isolated.  However,  when 
dealing  with  a  group  of  different  buildings,  the  task  of  cataloging  of  debris 
piece  by  piece  Is  Impractical;  and,  unless  gross  simplifications  are  made.  In 
all  likelihood  Impossible.  It  Is  much  more  reasonable  to  consider  groups  of 
debris  with  average  properties.  Statistical  distributions  of  debris  within 
these  groups  can  also  be  considered. 

3.  The  building  debris  became  segregated,  e,1.,  the  heavy  noncombustibles 
remained  relatively  close  to  the  building  while  the  lighter,  mostly  combusti¬ 
ble  debris  were  transported  significantly  further. 
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NuHbers  given  below  refer  tc  horlzoncal 
distances  traveled  bjr  the  various  iteas 


Figure  8  \%LjXiTY  Histories  of  Furniture  Itbis  (Seomd  Floor) 


( 


4.  Debris  transport  Is  sensitive  to  the  peak  overpressure  of  the  blast  wave 
at  the  affected  location.  Transport  distances  tend  to  Increase  at  a  rate 
greater  than  a  linear  function  of  peak  overpressure* 

5.  Debris  transport  Is  sensitive  to  the  weapon  yield  when  the  debris  are 
sufficiently  light  and  peak  overpressures  sufficiently  high  to  keep  the  debris 
piece  In  the  air  long  enough  to  be  affected  by  the  longer  overpressure  dura¬ 
tions  of  the  high  yield  weapons. 

6.  Most  debris  produced  by  a  high  yield  weapon  would  spread  apart  as  carried 
along  by  the  blast  wave.  This  would  result  In  a  deposition  of  debris  In  a 
fan  shape  originating  at  the  source.  The  fan  angle  would  be  approximately  30 
degrees  (Ref.  20). 

The  two-dimensional  (vertical  plane)  model  used  here  does  not  allow  for 
such  dispersion.  In  this  study  an  angle  smaller  than  30  degrees  was  chosen 
and  the  final  debris  positions  were  adjusted  accordingly  (see  Figure  7). 

7.  Closely  spaced  debris  sources  may  result  In  a  lesser  area  covered  by  debris 
than  that  predicted  assuming  each  source  Is  Isolated.  This  Is  due  to  shielding, 
accumulation,  and  Interaction  of  debris  with  debris. 

8.  For  larger  weapon  yields  the  distribution  of  debris  at  a  given  overpressure 
will  Increase  because  of  longer  pulse  duration. 
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Response  of  the  Flash  X-Ray 
Building  at  Site  300  to 
Explosions  on  its  Firing  Table 


ABSTRACT 

The  response  of  the  new  high-expiosive  Flash  X~ray  Radiography  Facility  at 
Bunker  BOl  at  LLNL  Site  300  to  explosions  on  its  firing  table  has  been  measured.  Seven 
charges  of  the  high  explosive  C-4.  with  increasing  weights  of  from  18  to  585  Ib,  were 
detonated.  Charges  were  placed  on  a  pea-gravel  firing  table  on  the  radiographic  axis  10  ft 
from  the  face  of  the  steel  bullnose  protection  plate.  No  noteworthy  damage  to  the  new 
building  or  its  installed  equipment  occurred  during  these  tests. 

Strains  on  46  strain  gauges  were  recorded  during  the  explosive  tests.  During 
construction  of  the  facility,  these  gauges  had  been  welded  to  the  steel  reinforcing  bars  in 
various  locations,  or  suspended  between  them,  and  were  then  embedded  in  the  structural 
concrete.  The  gauges  recorded  strains  as  high  as  220  /uin./in.,  which  is  equivalent  to  a 
stress  of  5600  psi  in  steel.  All  elements  of  the  structure  remained  well  below  their  elastic 
limits,  and  should  remain  within  these  limits  when  subjected  to  detonations  of  up  to 
1000  lb  of  TNT  on  the  firing  table. 

The  measured  strains  were  less  than  those  given  by  simple  engineering  calcula¬ 
tions  by  factors  of  from  1.7  to  3.9.  Several  safety  factors  and  conservative  simplifying 
assumptions  were  incluaed  in  the  strain  calculations,  and  this  may  account  for  the  large 
differences. 

VN^k  is  underway  with  more  elaborate  structural-analysis  models  that  use  the 
laboratory's  large  digital  computers.  Future  experiments  and  computer  modeling  should 
yield  better  agreement  between  theory  and  experiment. 


INTRODUCTION 

The  design  of  LLNL  buildings  to  withstand  The  Laboratory  has  conducted  explosive  tests 

blast  follows  a  fairly  rigid  procedure.  Early  in  the  near  structures  for  about  30  years.  It  was  realized 

process  a  firm  of  architects  and  engineers  (A4tE)  is  early  in  the  construction  of  FXR  that  our 

hired,  meetings  with  laboratory  staff  are  held  to  knowledge  about  structural  response  to  blast  could 

define  requirements,  and  the  A&E  contractor  be  improved  if  instrumentation  were  installed  in 

designs  the  buildings  according  to  our  criteria.  The  the  roofs  and  walls  of  FXR  before  the  concrete  was 

contractor  sometimes  hires  consultants  to  assist  in  poured.  The  strength  of  FXR  could  be 

the  design  of  special  facilities,  this  was  done  in  the  demonstrated  and  compared  with  design  calcula- 

design  of  the  recently  completed  high-explosive  lions,  and  explosive  tests  of  different  weights, 

Flash  X-ray  Radiography  Facility  (FXR).  grametries,  and  locations  could  provide  useful  data 

The  design  goal  was  to  produce  a  structure  for  the  design  of  new  structures, 
capable  of  withstanding  repeated  detonations  of  Accordingly,  61  strain  gauges  were  installed 

1000  lb  of  TNT  on  a  gravel  firing  table  10  ft  in  on  and  between  the  reinforcing  bars  and  embedded 
front  of  the  bullnose.  in  the  concrete,  and  8  accelerometers  were  mounted 
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at  various  locations  in  the  completed  building.  (Of 
the  6l  strain  gauges  installed,  44  survived  the  con¬ 
struction  process;  we  had  enough  channels  to 
record  results  from  4t>  strain  gauges.)  The  locations 
of  the  strain  gauges  are  shown  in  Fig.  1  and  in 
Figs.  A- 1  through  A-5  in  Appendix  A.  The  loca¬ 
tions  of  the  accelerometers  are  shown  in  Fig.  B-1  in 
Appendix  B. 

Seven  high-explosive  charges,  weighing  up  to 
585  lb,  were  detonated  at  the  shot  point  shown  in 
Fig.  1,  and  the  response  of  the  structure  was  re¬ 
corded.  The  measured  strains  were  lower  than 
those  predicted  by  rapid-analysis  calculations  by 
factors  of  from  1.7  to  3.9.  Some  reasons  for  the  dif¬ 
ferences  between  experiment  and  theory  are 
suggested  in  the  section  "Discussion  of  Results." 


The  only  damage  caused  by  these  tests  was  the 
shattering  of  a  plastic  cover  on  an  outside  lighting 
fixture.  The  building  and  its  installed  equipment 
were  unaffected. 

The  following  sections  describe  the  tests  and 
the  data  analysis,  compare  the  observations  with 
the  results  of  simple  calculations,  and  give  our  con¬ 
clusions.  The  appendices  give  technical  data  on  the 
strain  gauges  and  accelerometers,  summarize  the 
strain-gauge  data,  and  show  calculations  we  did  to 
supplement  those  done  by  the  design  consultants. 
Microfiche  records  of  the  actual  data,  after 
smoothing  by  computer,  are  included. 


FIG.  1.  The  FXR  addition  to  bunker  801 A  (plan  view).  Teet  exploeivee  were  placed  on  a  gravel  firing  table 
at  the  allot  point  In  front  of  the  bulinoae.  The  optica  room  ia  completely  below  the  firing-table  aurf ace;  it  waa 
covered  with  an  18*in.  layer  of  gravel  for  all  ahota  but  one. 
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FLASH  X-RAY  FACILITY  TESTING 


HIGH-EXPLOSIVE  CHARGES 

C-4  explosive’  was  used  for  the  testirrg 
because  its  heat  of  defonatiort  is  near  that  of  the 
common  PBX-9404  explosive  and  because  its 
putty-like  consistency  makes  assembly  cheaper 
since  machining  is  unnecessary,  C-4  is  91%  RDX 
mixed  with  5.3%  di  (2-ethylhexyl)-sebacate,  2.1% 
poly  isobutylene  and  1.6%  motor  oil. 

The  heat  of  detonation  of  PBX-9404  is  1.38 
kcal/g;  the  heat  of  detonation  of  TNT  is  1.09 
kcal/g.  Reference  1  does  not  tabulate  an  ex¬ 
perimental  value  of  the  heat  of  detonation  for  C-4; 
we  assume  its  heat  of  detonation  is  equal  to  that  of 
PBX-9404,  because  the  calculated  heats  of  detona¬ 
tion  are  nearly  the  same,  1,59  for  C-4  and  1.50  for 
PBX-9404,  The  ratio  of  the  experimental  heats  of 
detonation  of  PBX-9404  and  TNT  ranges  from  1.25 
to  1.27,  depending  on  the  observer  (see  Ref.  1).  A 
rounded-up  ratio  of  1.3  was  adopted  for  the  pur¬ 
pose  of  calculating  TNT  equivalent  weights,  with 
C-4  assumed  equivalent  to  PBX-9404. 

Except  for  the  S85-lb  charge,  the  C-4  was 
packed  into  cardboard  or  sheet-metal  cylinders 
with  length  to-diameter  ratios  (L/D)  of  about  1. 
The  585-lb  charge  was  built  up  on  a  wooden  pallet, 
bag  by  bag.  In  an  approximately  right-circular 
cylinder  of  L/D  *  1.  To  adjust  the  shot  height,  we 
placed  the  smaller  charges  by  hand  on  plywood 
boxes;  the  larger  charges,  supplied  on  wooden 
pallets,  were  maneuvered  into  position  with  a  fork¬ 
lift  truck. 

All  charges  were  center-detonated.  The 
charges  were  placed  so  their  centers  were  on  the 
axis  of  the  linear-induction  accelerator  (LIA)  and 
10  ft  from  the  exterior  surface  of  the  A-36  steel 
bullnose  cover  plate.  The  space  in  front  of  the 
bullnose  adjacent  to  the  optics  room  was  filled  with 
pea  gravel  about  15  ft  deep,  forming  a  firing-table 
surface  about  2  ft  below  the  LIA  axis.  The  top  few 
feet  of  pea  gravel  in  the  blast  area  was  replaced  af¬ 
ter  each  shut.  The  firing  table  is  shown  in  Fig.  2. 

In  shot  413,  the  pea-gravel  surface  was  only 
about  6  in.  below  the  LIA  axis,  so  a  hole  about 
18  in.  deep  and  6  ft  in  diameter  was  dug  to  bring 
the  center  of  the  explosive  to  the  LIA  centerline. 
This  seemed  -merely  an  expedient  at  the  time;  we 
did  not  recognize  that  we  had  barricaded  the  shot. 


In  shot  414,  which  used  the  same  weight  of  C-4 
(182  lb),  we  levelled  the  entire  firing  table  surface. 
(We  also  removed  a  21-in.  pea-gravel  cover  from 
the  optics  room  roof  to  investigate  static  loading 
and  the  blast-attenuating  properties  of  gravel.)  The 
remarkable  differences  between  the  data  from  the 
two  shots  simply  exhibit  the  effects  of  barricading. 

We  thought  it  prudent  to  fire  shots  of  increas¬ 
ing  explosive  weight.  We  chose  585  lb  as  the  max¬ 
imum  weight  because  it  was  the  largest  pressed- 
r'BX-9404  spherical  charge  available  and  because  it 
represents  a  practical  maximum  for  the  bunker 
during  the  next  several  years.  The  weights  of  the 
smaller  charges  were  determined  by  the  capacities 
of  the  containers  available  to  hold  them— 55-gal  oil 
drums,  paper  shipping  drums,  lard  cans,  and  ice 
cream  cartons. 

The  charges  fired  and  the  corresponding  shot 
numbers  are  listed  in  Table  1. 


TABLE  1.  High-explosive  charges  fired,  and 
equivalent  TNT  charges. 


Shot 

No. 

RKM- 

Data  fired 

Weight 
of  C-4 
(lb) 

Equivalenl 
weigh!  of  TNT 
(lb)' 

40S 

12/22/80 

18 

23 

409 

12/22/SO 

IS 

23 

410 

01/07/Sl 

69 

90 

413 

01/12/81 

182 

237 

414 

02/17/Bl 

182 

237 

415 

01/13/81 

325 

423 

416 

02/11/81 

585 

761 

*Wflghl  of  C-4  X  1.3;  Mf  text  for  lh»  dtrlvation  of  Ihii 
factor. 


PRECAUTIONS 

Precautions  taken  to  minimize  damage  in¬ 
cluded  the  following: 

•  The  fire  sprinkler  system  was  turned  off 
before  each  shot,  although  water  pressure  was 
maintained  in  the  lines.  This  was  to  minimize  the 
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FIG.  2.  Th«  FXR  building  during  condruction  showing  the  bullnose,  the  gravel  firing  table  in  front,  and 
the  buried  optics  room  on  the  left.  The  4>ft>square  opening  in  the  bullnose  had  not  been  covered  with  its 
stccband-plywood  sandwich  when  this  photograph  was  taken.  Gravel  has  been  removed  from  some  of  the 
optics  ports,  revealing  circular  temporary  covers.  The  top  edges  of  buried  naval  armor  plate  can  be  seen 
around  the  long  side  of  the  optics  room  and  partially  around  the  short  side.  This  armor  protects  the  turning  ■ 
mirror  equipment  and  the  tops  of  the  optics  ports  from  shrapnel.  The  armor  extends  15  to  20  ft  below  the 
gravel  table  and  is  separated  from  the  optics  room  wall  by  2  ft  of  gravel,  which  may  substantially  mitigate 
ground  shock. 


chance  of  water  damage  to  the  partially  constructed 
linear  induction  accelerator,  particularly  to  the 
many  very  clean  electronic  compi>i.ents  that  were 
still  exposed,  Fortunately,  no  water  leaks  occurred. 

•  The  large  dixrrs  at  the  west  end  of  the  new 
building  are  held  closed  by  small  bolls  and  striker 
plates  o.f  only  a  few  in.-  area.  If  the  fasteners  had 
failed  during  the  negative  phase  of  the  blast  wave, 
the  swinging  doors  could  have  been  damaged. 
Aluminum  channels  with  styrofoam  pads  were 
therefore  placed  across  the  doors  and  bolted 
through  the  concrete  walls.  The  styrofoam  was 


placed  in  the  2- in.  space  between  the  channels  and 
the  doors  with  neglible  compression  This  is  shown 
in  Fig.  3.  The  intention  was  not  to  prevent  the 
doors  from  opening,  but  rather  to  test  the  fasteners 
and  to  prevent  damage  if  the  doors  did  swing  open 
The  fasteners  held,  and  the  styrofoam  was  un¬ 
marked,  but  the  lower  striker  plate  on  the  larger 
door  suffered  some  coining  and  plastic  deforma¬ 
tion. 

•  The  bullnose  o|>ening  was  closed  by  a 
sandwich  of  plywood  and  steel  plates  held  on  by  45 
breakaway  bolts.  The  shots  in  which  the  HE  was 
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FIG.  3.  As  a  precaution,  fitting!  were  initalled  at  the  rear  doors  of  the  accelerator  building  to  prevent 
damage  if  the  latches  failed  during  the  negativc'pressure  portion  of  the  blast  wave.  The  aluminum  channel 
loosely  held  a  strip  of  2'in.*thick  styrofoam  against  the  doors.  The  latches  did  not  fail,  so  these  precautions 
probably  will  not  be  used  again  except  for  very  large  explosive  charges. 


cased  in  sheet  metal  caused  some  cosmetic  pitting 
of  the  front  6-in. -thick  steel  cover,  so  sheets  of 
scrap  plywood  were  stacked  in  front  for  the  heavier 
shots,  For  the  585-lb  shot,  two  layers  of  pea-gravel 
bags  were  put  in  front  of  the  bullnose  to  reduce  the 
rebound  forces  on  the  breakaway  bolts.  Details  of 
the  bullnose  sandwich,  the  method  used  to  hold  it 
together,  and'  its  performance  are  discussed  in  the 
next  section. 
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BULLNOSE  DESIGN 

The  bullnose  design  adopted  for  the  FXR 
building  was  a  result  of  experience  with  the  struc¬ 
ture  of  Bunker  851,  including  its  early  failure  and 
successful  rebuilding.  In  addition,  facilities  con¬ 
structed  for  similar  purposes  were  visited  and  com¬ 
pared:  these  included  the  Phermex  installation  at 
Los  Alamos  National  Laboratory,  the  British 


facilities  at  Aldermaston  and  Foulness,  and  the  new 
x-ray  facility  at  Moronvillicrs,  France. 

At  LLNL's  linac  Bunker  851,  the  buHnose  is  a 
monolithic,  hollow,  300-ton  steel-reinforced  con¬ 
crete  structure.  The  bullnose  is  not  fastened  to  the 
bunker,  but  is  free  to  side  on  its  own  foundation.  It 
is  hollow  to  accommodate  the  linac  beam-transport 
equipment  and  the  x-ray  producing  target 
hardware.  Rubber  bumpers  partially  fill  the  8-in. 
space  between  the  bullnose  and  the  bunker  wall. 

When  the  Bunker  851  bullnose  was  tested 
with  explosives  when  it  was  completed  in  1960, 
concrete  was  spalled  from  the  inside  front  face. 
This  occurred  because  the  initial  compressive  shock 
reflected  as  a  rarefaction  from  the  interior  con¬ 
crete/air  impedance  mismatch,  resulting  in  tensile 
stresses  high  enough  to  cause  brittle  failure  of  the 
concrete.  The  repair  consisted  of  rebuilding  the 
front  2.5  ft  with  much  more  reinforcing  steel  and 
facing  both  inside  and  outside  surfaces  with  steel 
plates  of  enough  tensile  strength  to  prevent  spall. 
Through-bolts  in  plastic  pipe  were  embedded  in  the 
matrix,  and  their  nuts  were  torqued  to  several  hun¬ 
dred  ft-lb  after  the  concrete  cured. 

A  sandwich  of  plywood  and  steel  sheets  with  a 
4-in.-thick  front  plate  of  case-hardened  steel  ar¬ 
mor,  attached  to  the  bullnose  with  breakaway  bolts, 
forms  the  primary  shrapnel-protection  and  blast- 
mitigating  structure  for  the  Bunker  851  bullnose. 
This  construction  has  performed  quite  well  for 
20  years.  The  armor  plate  is  replaced  every  few 
years  when  shrapnel  damage  becomes  excessive. 
The  breakaway  bolts  have  broken  several  times 
during  rebound;  the  plate  simply  tilts  over  in  the 
gravel  and  is  set  up  again  and  rebolted. 

In  1977,  the  French  constructed  a  steel- 
reinforced  concrete  building  at  Moronvilliers  to 
protect  a  new  flash  x-ray  machine  from  blast  and 
shrapnel  damage.  Their  building  is  about  24  ft  high 
and  31  ft  wide.  The  bullnose  is  an  integral  part  of 
the  construction;  its  front  face  consists  of  two  ver¬ 
tical  planes  that  meet  at  right  angles,  so  it  looks  like 
the  bow  of  a  ship.  The  concrete  there  is  4  ft  thick 
and  is  pierced  with  a  steel-cased  hole  for  the 
emergence  of  the  x-ray  beam.  Armor  plate  covers 
the  concrete  where  it  is  likely  to  be  damaged.  The 
building  has  withstood  many  nearby  explosions. 

The  FXR  bullnose  design  combined  the 
economical  integral  French  style  of  construction 
with  the  through-bolted  steel-plate  anti-spall 
features  of  the  Building  851  bullnose.  For  some  ap¬ 


plications  It  is  important  to  have  the  x-ray  target  as 
close  to  the  shot  as  possible  while  still  providing 
shrapnel  and  blast  protection  for  the  accelerator.  In 
FXR  this  requirement  was  met  by  providing  a  4-ft- 
square  opening  in  the  bullnose  to  accommodate 
electron-beam-transport  equipment  and  the  x-ray 
producing  target  hardware.  For  the  tests  reported 
here,  the  opening  was  closed  by  a  sandwich  of 
plywood  and  steel  plates  held  on  by  48  breakaway 
bolts.  This  is  shown  in  Fig.  4.  In  actual  use  the 
sandwich  will  be  pierced  to  allow  emergence  of  the 
x-ray  beam,  and  the  opening  will  be  covered  by 
light-weight  x-ray  transparent  materials. 

When  the  bullnose  is  dynamically  loaded,  the 
pressure  fortes  on  the  front  face  compress  the 
various  construction  materials  and  store  elastic 
energy.  As  the  blast  wave  dissipates  and  the 
pressure  decreases,  the  compressed  materials  ex¬ 
pand  and  accelerate  the  front  steel  plate  back 
towards  the  firing  table.  The  momentum  thus  im¬ 
parted  to  the  plate  results  in  tensile  stresses  in  the 
bolts  holding  it  on;  when  the  forces  are  high 
enough,  the  bolts  are  elongated.  The  bolts  are 
designed  to  fail  in  tension  and/or  bending  to  avoid 
damage  to  the  cast-in-place  permanent  bolts.  A  bolt 
is  shown  in  Fig.  5,  and  the  result  of  a  laboratory 
tensile  test  to  failure  is  shown  in  Fig.  6.  The  yield 
point  in  the  tension  . test  was  50  ksi;  the  elongation 
was  about  35%,  corresponding  to  about  1.5  in  total 
extension  to  failure  in  the  reduced-section  region  of 
the  bolt. 

After  each  shot,  the  bolts  above  the  level  of  the 
firing-table  gravel  were  removed  and  measured  to 
see  if  their  yield  point  had  been  exceeded.  No 
elongation  occurted  until  the  325-lb  shot.  Some 
elongation  occurred  in  the  585-lb  shot,  even 
though  gravel  bags  were  used  in  front  of  the 
bullnose  in  that  shot.  The  data  are  shown  in 
Table  2.  The  important  result  is  that  the  total 


TABLE  2.  Bullnose  bolt  elongation  in  325-lb  and 
5S5-lb  shots. 


C-4 

Minimtiin 

Maxinuun 

Average 

Shot 

wclghi 

elongation 

elongation 

elongation 

No. 

(lb) 

(Mln./ln.) 

(xln./ln.) 

(Mln./ln.) 

415 

325 

0.003 

0.027 

0.015 

416 

555 

0.026 

0.131 

0.0S3 
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dver<iKe  overall  bolt  elorrgation  in  these  tests, 
0.147  in.,  is  far  less  than  the  1.5-in.  total  elongation 
to  failure  in  the  laboratory  tension  test. 

After  the  tests  were  complete,  the  steel-and- 
plywocsi  sandwich  was  removed  and  the  perma¬ 
nent  parts  of  the  bullnose  were  inspected  for 
damage;  none  was  found.  Sections  were  cut  out  of 
the  plywood  layers  and  compared  with  fresh 
material  of  the  same  lot;  again,  no  permanent 
deformation  or  compression  of  the  plywood  was 
found.  Thus,  it  appears  that  the  breakaway  bolts 
performed  as  intended.  They  will  be  scribed  and 
occasionally  removed  for  inspection. 

STRAIN  GAUGES 

Strain  gauges  were  installed  during  the  con¬ 
struction  of  the  building.  Some  gaug^s  were  welded 
to  the  steel  reinforcing  bars,  and  others  were 
suspended  in  the  spaces  between  them;  the  gauges 
were  then  embedded  in  the  concrete  as  it  was 
poured.  Very  rugged  gauges  were  needed  to  survive 
the  con  .uction  activities  and  the  pouring  of  the 
concrete.  For  installation  on  the  reinforcing  bars  we 
used  a  weldable  gauge,  the  Ailtech  Model  SC129- 
6S;  for  suspension  between  the  bars  we  used  a  so- 
called  "embedment  gauge,"  the  Ailtech  CG129-6- 
6S.  Specifications  for  these  gauges  are  given  in  Ap¬ 
pendix  A. 


The  weldable  strain  gauge  consists  of  a  nickel- 
chrome  alloy  sensing  filament  welded,  with  its 
leadout  wire,  into  a  small  unit  about  0.75  in.  long. 
The  strain  filament  itself  is  enclosed  in  a  stainless 
steel  tube  welded  to  a  stainless  steel  flange.  The 
filament  is  mechanically  coupled  to  the  inside  of 
the  strain  tube,  but  electrically  isolated  from  it  by 
magnesium  oxide  powder.  The  assembly  is  her¬ 
metically  sealed  and  should  function  for  many 
years. 

For  gauge  installation,  a  small  area  on  the  rein¬ 
forcing  bar  was  ground  smooth  and  the  gauge 
flanges  were  spot-welded  to  the  bar  with  a  small 
capacitive-discharge  welder.  The  strain  in  a  rein¬ 
forcing  bar  is  transmitted  through  the  spot  welds 
on  the  mounting  flange  to  the  strain  tube,  and 
through  the  magnesium  oxide  powder  to  the  alloy 
strain  filament.  The  powder  is  so  highly  compacted 
that  the  strain  is  transmitted  to  the  sensing  element 
throughout  its  length.  Dow  Corning  room- 
temperature  vulcanizing  silicone  rubber  (RTV) 
number  732  was  applied  all  over  the  welded 
assembly  and  the  newly  cleaned  steel  surface  to 
reduce  rusting.  Figure  7  shows  a  typical  weldable 
gauge  installed  on  a  reinforcing  bar. 

Embedment  strain  gauges  are  available  in 
various  lengths  appropriate  to  different  average 
aggregate  sizes.  We  used  the  6-in.  gauge  recom¬ 
mended  for  our  aggregate,  whose  average  size 
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FIG.  4.  Construction  details  of  the  bullnose  front,  showing  the  method  used  to  close  the  opening  for  the 
x*ray  beam  and  the  method  used  to  attenuate  shocks  transmitted  to  the  building.  Steel  plates  form  the  inside 
and  outside  surfaces  of  a  weldment  later  filled  with  concrete  and  made  an  integral  part  of  the  building. 
Special  breakaway  bolts  hold  the  armor<plate>and<plywood  "sandwich"  that  attenuates  the  transmitted 
shockfs.  The  bolts  are  designed  to  fail  in  tension  to  prevent  plastic  deformation  of  permanent  parts  of  the 
building.  At  the  end  of  these  tests,  the  average  bolt  extension  was  0.147  in.,  well  below  the  1.5-in.  extension 
obtained  when  a  bolt  was  pulled  to  failure  in  a  tensile-test  machine. 


FIG.  7.  A  strain  gauge  tpot*%vclded  to  a  reinforcing  bar  and  covered  with  Dow  Corning  RTV  silicone  rub* 
ber.  A  piece  of  steel  angle  has  been  wired  to  the  bar  to  prevent  damage  from  construction  activities.  The 
signal  cable  leads  away  to  the  right  and  down. 


was  1.5  in.  The  sensing  filament  is  contained  in  a 
stainless  steel  tube,  at  the  ends  of  which  are 
triangular  plates  mounted  normal  to  the  gauge  axis. 
This  assembly  is  shown  in  Fig.  8.  The  gauges  were 
suspended  from  the  reinforcing  bars  in  the  desired 
locations  and  orientations  on  wires  threaded 
though  the  holes  in  the  triangular  plates. 

Cable  connections  to  the  strain  gauges  were 
routed  over  the  reinforcing  mat  to  minimize 
damage  during  the  pouring  of  the  concrete.  The 
cables  were  brought  out  to  connection  boxes  on  the 
interior  walls  of  the  bunker,  where  they  are  now 
available  for  use  at  any  time. 

Of  the  61  gauges  installed,  49  survived  the 
construction  activities  and  the  pouring  of  the  con¬ 
crete.  Most  loss  occurred  with  the  embedment 
gauges,  probably  because  of  severe  loads  imposed 


on  the  connecting  cables  by  rapidly  inflowing  con¬ 
crete.  Appendix  A  gives  the  locations  of  the  strain 
gauges  and  other  information  on  their  installation 
and  use. 

ACCELEROMETERS 

Eight  Endevco  piezoresistive  accelerometers 
were  used  to  measure  the  structural  response  of  the 
optics  room  floor,  the  bullnose  floor,  and  two  linear 
induction  accelerator  mounts.  Appendix  B  gives 
the  accelerometer  specifications;  Fig.  B-1  shows 
their  locations. 

Accelerometers  were  fastened  in  pairs  to 
aluminum  blocks,  which  were  epoxied  to  the  struc¬ 
ture  in  the  locations  shown  in  Fig.  B-1  so  that  biax¬ 
ial  measurements  could  be  made.  By  recording  both 
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FIG.  8.  Embedment  strain  gauge  (6  in.  long)  suspended  between  supports  in  the  middle  of  the  optics  room 
roof.  The  inner  and  outer  double-layered  reinforcement  mat  is  clearly  visible;  two  camera-port  sleeves  are  on 
the  left. 


the  horizontal  and  vertical  components  of  accelera¬ 
tion  at  several  locations,  we  hoped  to  distinguish 
between  forces  acting  on  the  front  face  of  the  struc¬ 
ture  and  those  transmitted  from  underneath  by 
ground  shock.  The  two  components  were  not 
significantly  different  at  any  location  except  at  the 
bullnose  floor  for  shot  weights  of  182  lb  and  more. 
At  that  location,  the  vertical  component  of  ac¬ 
celeration  was  about  40  to  90%  greater  than  the 
horizontal  component. 


DATA  RECORDING 

The  signals  were  recorded  with  three  magnetic 
tape  recorders:  a  32-channel  recorder  with  80-kHz 
frequency  response,  and  two  14-channel  recorders 
with  ZO-kHz  frequency  response.  A  real-time  os¬ 


cillograph  was  used  to  get  a  quick  look  at  data  from 
gauges  in  the  most  important  locations.  We  re¬ 
corded  54  channels:  46  strain  gauges  and  8  ac¬ 
celerometers.  The  remaining  channels  recorded  a 
fiducial  marker  coincident  with  the  detonation  of 
the  high  explosive  and  a  time-code  generator  for 
use  in  data  reduction. 

A  bridge  circuit  was  used  to  energize  and 
monitor  the  change  in  resistance  of  the  strain 
gauges  and  accelerometers.  Precision  resistors  were 
used  in  the  inactive  bridge  arms,  and  standard 
signal-conditioning  equipment  was  used  to  supply 
power.  The  wire  length  from  the  strain  gauges  and 
accelerometers  was  about  130  ft,  so  the  bridge  ex¬ 
citation  voltage  was  measured  as  close  to  each  sen¬ 
sor  or  transducer  as  possible.  (Safety  considera¬ 
tions  prevented  us  from  making  measurements 
close  to  the  connection  boxes.) 


The  voltage  output  from  the  utrain  gauge*  and 
accelerometer*  was  preamplified  by  differential 
amplifiers  whose  frequency  response  was  at  least 
100  kHz.  Before  each  test,  a  calibration  signal  was 
recorded  for  each  transducer,  either  by  shunt 
calibration  or  by  voltage  substitution.  These 
calibrations  were  used  during  data  reduction  to 
relate  the  recorded  analog  voltage  to  a  strain  or  ac> 
celeratiun. 

The  recorded  data  was  digitized  and  reduced 
by  computer  with  the  code  ATD.*  Because  high- 
frequency  signals  propagated  in  a  structure  of  this 
size  are  of  little  interest,  noise  above  2  kHz  was 
removed  from  the  strain  gauge  data  with  a  6-pole 
(3o  dB/octave)  Bessel-filter  algorithm.  The  ac¬ 
celerometer  data  was  unfiltered. 


The  highest  recorded  strains  on  the  reinforc¬ 
ing  bars  were  those  in  the  middle  of  the  optics  room 
wall  for  the  585-lb  shot;  these  are  shown  in  Fig.  9. 
Figure  10  shows  the  strain  recorded  on  that  shot  in 
the  middle  of  the  optics  room  roof.  Zero  time  in 
Figs.  9  and  10  corresponds  to  the  detonation  of  the 
high  explosive. 


STATIC  TESTS 

To  check  gauge  response,  we  observed  the 
response  of  ten  strain  gauges  in  the  optics  room 
roof  to  two  static  loadings  with  up  to  20  steel 
blocks  whose  weight  totalled  about  186  tons.  The 
first  loadirrg  consisted  of  a  layer  five  blocks  lortg 


Time  (ms) 


FIG.  9.  The  highest  strains  recorded  in  the  building  (except 
for  those  in  the  front  steel  plate)  were  those  in  the  interior 
reinforcement  mat,  mid-span  in  the  optic*  room  wall  by 
gauge  4.  In  this  signal,  from  the  585>Ib  test,  a  peak  compres¬ 
sive  strain  of  nearly  90  nin./in.  occurred  about  18  ms  after 
detonation;  a  peak  tensile  strain  of  about  220  ain./in. 
occurred  about  32  ms  after  detonation.  The  signal  ha*  a 
fundamental  frequency  of  about  40  Hz,  which  correspond* 
closely  with  the  natural  frequency  of  a  wall  of  this  shape  and 
size,  which  we  calculated  to  be  48.5  Hz. 
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FIG.  10,  One  of  the  strongest  and  least  noisy  signals 
recorded  in  these  tests  was  from  gauge  28,  mid-span  in  the 
optics  room  roof  on  the  interior  reinforcement  mat.  The  sig¬ 
nal  shown  here,  from  the  585-lb  shot,  indicates  an  initial 
compressive  strain  of  55  Min>/in.  about  8  ms  after  detonation, 
and  a  tensile  strain  of  nearly  175  ^in./in.  15  ms  after  detona¬ 
tion.  This  tensile  strain  corresponds  to  a  stress  in  the 
reinforcement  bar  of  5250  psi,  well  below  failure  stress  in 
both  the  steel  and  the  concrete.  The  fundamental  frequency 
was  40  Hz. 


.inJ  three  blocks  wide  across  the  centerline  of  the 
short  span  with  three  more  blocks  across  the  mid¬ 
dle  row.  This  loading  pul  three  blocks  directly  over 
each  wall,  and  gave  strains  too  small  to  measure.  In 
the  second  loading,  the  blocks  were  arranged  di¬ 
rectly  over  the  central  gauges  in  two  3X3  layers, 
with  the  last  two  blocks  on  top.  The  strains 
achieved  in  this  loading  are  reported  in  Table  3. 
Appendix  D  gives  calculations  of  the  strains  ex¬ 
pected  in  the  static  tests,  shows  the  locations  of  the 
gauges  used,  and  shows  the  arrangement  of  steel 
blocks  in  the  second  static  test. 

The  strain  readings  were  obtained  using  a 
strain  indicator  that  reads  directly  in  strain  units. 
The  gauge  resistances  were  measured  indepen¬ 
dently  with  an  H-P  3456  digital  voll-ohmmeter. 


The  bridge  circuit  for  each  strain  gauge  was  com¬ 
pleted  near  the  active  strain  gauge,  as  in  the 
dynamic  tests.  The  wire  length  from  each  strain 
gauge  to  the  measuring  station  was  50  ft. 

Ordinarily  this  type  of  static  strain  measure¬ 
ment  is  routine.  One  measures  the  strain  in  the  un¬ 
loaded  structure,  then  loads,  measures,  unloads, 
and  remeasures.  The  interesting  data  are  the  strain 
changes  caused  by  loading  and  unloading.  Initial 
and  final  unloaded  strain  readings  may  differ  by  a 
few  *iin./in.,  but  for  most  structures  this  difference 
isn’t  critical.  For  the  optics  room  roof,  however, 
drift  of  up  to  20^in./in.  occurred  with  no  change 
in  the  applied  load.  The  load-induced  strains  were 
not  much  bigger  than  this.  The  drift  was  probably 
caused  by  sunshine-induced  thermal  stresses  on  the 


I'ABLE  S.  Strain  changes  in  loading  and  unloading  in  the  static  loading  tests.  Increase  in 
gauge  resistance,  corresponding  to  tension,  is  indicated  by  a  (+)  sign:  decreasing  resistance, 
corresponding  to  compression,  is  indicated  by  a  (-)  sign.  Uncertainties  in  strains  are  about 
10  to  20^  in./in.  The  calculations  described  in  Appendix  D  gave  183^  in. /in.  for  the 
magnitude  of  the  strain  at  the  centerline. 
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evpospcl  roof,  so  the  strain  change  in  unloading, 
which  UKtk  35  min,  should  be  much  more  reliable 
than  the  strain  change  in  loading,  which  timk  two 
days. 

For  each  gauge.  Table  3  lists  the  loading  and 
unloading  strain  changes.  The  initial  unloaded 
gauge  resistances  used  in  determining  these 
changes  were  averages  of  thiee  values  obtained 
over  two  days;  the  loaded  values  were  averages  of 
two  values  obtained  over  eight  hours;  the  final  un¬ 
loaded  values  were  the  results  of  single  measure¬ 
ments. 

Despite  drift,  the  signs  of  the  loading  and  un¬ 
loading  strain  changes  generally  agree  with  what 
one  would  evpect  for  gauges  on  a  horizontal  beam 
fixed  at  its  ends.  Gauge  15  dues  not  show  the  ex¬ 
pected  sign  of  change  in  loading,  but  it  is  in  a  cor¬ 
ner  where  the  strain  field  is  complicated.  Gauge  lo 
does  nut  show  the  expected  sign  of  change  in  un¬ 
loading,  but  both  gauges  lo  and  21  gave  strain 
changes  considerably  smaller  than  the  20/iin./in. 
thermal  drift. 

The  magnitudes  of  these  strains  are  very 
small— in  fact,  they  are  only  two  to  three  times 
greater  than  those  due  to  thermal  stress.  The 
equivalent  stress  for  the  largest  measured  strain  in 
the  roof  steel  reinforcing  bar  is  only  l‘>20  psi,  well 
below  the  yield  point  of  the  steel.  Vehicular  travel 
over  the  optics  room  rcH)f  should  not  be  the 
problem  it  is  in  the  older  portions  of  the  bunker. 


The  strains  given  in  Table  3  have  uncertainties  of 
about  10  to  20«iin./in. 


CANTILEVER-BEAM  TESTS 

A  further  verification  of  strain  gauge  factor 
and  of  the  dynamic  response  of  the  recording 
systems  was  made  at  the  Livermore  site.  A  weldable 
gauge  from  the  lot  used  for  the  bunker  measure¬ 
ments  was  compared  with  a  conventional  metal-foil 
gauge  when  both  were  mounted  side  by  side  on  a 
cantilever  beam  that  was  first  statically  loaded  and 
then  dynamically  oscillated.  These  tests,  described 
in  Appendix  A,  confirm  the  gauge  factors  given  by 
the  manufacturer  and  provide  a  calibration  of  the 
gain  of  the  recording  system  at  the  beam  s  natural 
oscillation  frequency. 


ERRORS 

Errors  in  the  strain  measurements  arise  from 
uncertainties  in  the  gauge  factors,  in  the  shunt- 
calibration  resistances,  and  in  the  bridge  excitation 
voltages.  We  estimate  the  uncertainty  of  the  strain- 
gauge  data  to  be  less  than  4%  of  the  measured 
value,  and  that  of  the  accelerometer  data  to  be  less 
than  2.5%  of  the  measured  value. 
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DATA  ANALYSIS 


All  thv  reduced  ddU  from  the  strain  gAUget> 
.md  luct'leromeler!*  i»  reproduced  on  nticrofiche  4t 
the  bach  of  this  repiut. 

For  each  strain  signal,  we  recorded  the  peak 
strain  and  the  time  from  detonation  to  peak  strain. 
A  computer-generated  Fourier  analysis  gave  the 
major  frequencies  present  in  the  signals  from  each 
gauge.  These  data  are  tabulated  in  Appendix  C. 
The  accelerometer  data  were  particularly  noisy. 
The  peak  accelerations  recorded  in  each  shot  are 
given  in  Table  4. 

The  highest  strains  (see  Fig.  11)  were  those  on 
the  interior  face  of  the  A-3e  mild  steel  front  cover 
plate  for  the  325-lb  charge,  and  were  about 
700*iin./in.  This  strain  corresponds  to  a  stress  in 
the  plate  of  21  000  psi.  about  o0%  of  the  minimum 
yield  stress  in  simple  tension.  Clearly,  the  much 
lower  strains  in  the  555-lb  shot  demonstrate  the 
mitigating  effect  of  the  two  layers  of  gravel  bags 
placed  in  front  of  the  plate.  The  fact  that  the  strain 
was  compressive  in  the  555-lb  shot  (rather  than 
tensile,  as  in  the  other  shots  shown  in  Fig.  11),  and 
the  large  difference  between  the  vertical  and 
horizontal  strain  signals,  are  probably  accounted 
for  by  sluKks  transmitted  through  the  gravel  firing 
table.  The  barricading  in  shot  413  considerably 
lowered  the  strain,  as  Fig.  1 1  shows. 


The  highest  strains  in  the  structure  itself  iw- 
curred  in  the  interior  reinforcing  bars  of  the  optics 
rcHtm  wall;  in  the  S55-lb  shot,  the  strain  at  this  loca¬ 
tion  was  220  pin. /in.  See  Fig.  12. 

The  strain  in  the  center  of  the  optics  room  roof 
is  perhaps  of  greater  interest  than  the  strain  in  the 
optics  room  wall  because  it  is  mos*  easily 
calculated.  The  average  strain  from  two  gauges  on 
the  interior  reinforcing  mat  is  shown  in  Fig.  13. 
The  highest  strain  measured  there  was  150  pin./in.. 
in  the  555-lb  shot. 

Strains  in  the  sloping  bullnose  roof  are  also  of 
interest  and  arc  shown  in  Fig.  14.  Here  again  the  ef¬ 
fects  of  barricading  in  shot  413  are  apparent,  as  are 
the  effects  of  the  gravel  bags  used  for  the  555-lb 
shot.  The  highest  strain  measured  in  the  bullnose 
roof  was  about  210pin./in.,  in  the  325-lb  shot. 

Peak  strains  measured  elsewhere  were  all 
lower.  The  locations  of  the  gauges  were  chosen  to 
yield  the  highest  strain  readings.  However,  some 
forward  regions  in  the  bullnose  and  at  other  com¬ 
plex  corners  were  inaccessible  for  gauging  because 
of  the  density  and  routing  of  the  reinforcing  bars 
and  plates.  Strains  in  these  locations  could  have 
been  higher  than  any  we  recorded. 

The  signals  from  gauges  at  corners  were  rich 
in  high  frequencies. 


TABLE  4.  Peak  accelerations  in  dynamic  tests. 


Peak  accfifraiions  On  g‘*)  for  the  following 
fhol  weight*  (in  lb) 


Acctlerometer 

flgurf 

Location 

Orientalion 

IS 

IS 

09 

152 

192 

325 

559" 

A-l 

B-l 

OpiiCi  room  floor 

Vertical 

0.7 

0.5 

1.5 

3.4 

4 

3.0 

3.5 

A-2 

B-l 

Oplk*  room  floor 

Horiiontal 

0.7 

0.5 

l.l 

3.4 

5 

3.4 

3.0 

A-3 

B-l 

North  LIA  aupporl 

Horlionlal 

1.4 

1.4 

5 

9 

12 

15 

20 

A-4 

B-l 

North  LIA  support 

Vertical 

2.5 

2.5 

4 

9 

14 

15 

15 

A-5 

B-l 

South  LIA  support 

Horiaontal 

2.1 

2.2 

7 

13 

12 

17 

20 

A-o 

B-l 

South  LIA  support 

VeHical 

1.4 

1.9 

5 

14 

10 

13 

19 

A-7 

B-l 

Bullnose  floor 

Horitofital 

S.0 

4.5 

17 

40 

35 

44 

21 

A-S 

B-l 

Bullnoec  floor 

Vertical 

5.0 

5.0 

IS 

59 

50 

05 

40 

20 


FIG.  11.  Ptak  ttraina  on  Iht 
inner  aurface  of  the  6*in.*lhick 
A*36  steel  bullnose  front  cover 
plate  (gauges  62  and  63).  The 
lower  strain  in  the  first  182*Ib 
shot  (RKM  413)  results  from 
barricading.  The  mitigating 
effect  of  the  two  layers  of 
gravel  bags  in  front  of  the 
cover  plate  in  the  585«lb  shot 
is  clear.  The  peak  strains  were 
tensile  strains  for  all  but  the 
585-lb  shot,  in  which  they 
were  compressive,  suggesting 
that  ground  shock  transmitted 
a  strong  force  component  to 
the  front  plate  in  that  shot. 
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FIG.  12.  Peak  strains  on  the 
reinforcing  mat  on  the  interior 
mid-span  of  the  optics  room 
wall  (gauge  4).  All  strains  were 
tensile  but  one,  which  is  indi¬ 
cated  in  the  figure;  the  great¬ 
est  was  about  220  Min./in. 
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Equivalent  stress  in  rebar  (psi)  Equivalent  stress  in  steel  (ksi) 


Strain  <M>n./in.)  StiBin  Otin./in.} 
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FIG.  13.  Peak  strains  from 
gauge  28,  mid-span  in  the  op¬ 
tics  room  roof  on  the  interior 
reinforcement  mat.  All  strains 
were  tensile.  This  gauge  gave 
very  clean  signals,  as  Fig.  10 
shows.  In  the  585-lb  shot,  the 
strain  signals  reached  nearly 
180  (lin./in. 
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FIG.  14.  Peak  strains  from 
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reinforcement  mat  in  the  slop- 

ing  bullnose  roof.  Barricading 

- 

l(-) 

** 

1 

in  shot  413  may  account  for 

2 

the  lower  strain  at  that  HE 
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DISCUSSION  OF  RESULTS 

/ 

Agbabian  Associates,  of  El  Segundo,  Califor-  tj/T,  determines  which  model  is  used.  Agbabian 

nia,  was  hired  to  perform  the  basic  calculations  for  used  the  impulse  model  for  tj/T  <  0.0ft. 

the  design  of  the  structures.  These  calculations  are  One  of  us  (C.  V.  King)  has  extended  the  Agba- 

given  in  Ref.  3.  Agbabian  used  rapid,  simplified  bian  calculations  to  predict  the  strains  in  the 

analysis  methods  based  largely  on  experimental  dynamic  tests  at  a  few  locations,  and  for  the  static- 

work  reported  in  Refs.  4  and  S.  The  experimental  loading  tests  of  the  optics  room  roof.  Those 

data  and  conclusions  reported  in  those  references  -calculations  are  reproduced  in  Appendix  D. 

were  adjusted  and  extrapolated  by  Agbabian  to  ac-  Because  of  its  nearly  rectangular  form,  the  optics 

count,  as  closely  as  possible,  for  the  differences  be-  room  roof  was  the  easiest  to  treat  mathematically; 

1ween  the  experiments  of  Refs.  4  and  5  and  the  the  signals  from  the  gauges  there  also  turned  out  to 

FXR  design  requirements.  Their  calculations  are  be  the  simplest,  the  least  noisy,  and  the  easiest  to 

extensive  and  include  many  iterations:  they  repre-  interpret.  Table  S  gives  the  calculated  stresses  and 

sent  the  best  analysis  available  in  a  field  in  which  strains  at  the  centerline  of  the  optics  room  for  each 

there  is  little  experimental  information  or  design  of  the  dynamic  tests. 

verification.  The  calculated  strains  shown  in  Table  5  are 

Agbabian's  calculations  of  building  response  greater  than  the  measured  strains  by  factors  of 

to  explosions  made  use  of  either  of  two  models,  as  from  1.S7  to  3.87.  These  large  discrepancies  are  not 

appropriate  for  the  conditions  of  each  shot.  The  the  result  of  experimental  error, 

first  model  is  based  on  blast  pressure  and  duration;  Table  0  gives  the  results  of  the  static  strain 

the  model  assumes  a  triangular  pressure  pulse  with  calculations  for  the  optics  room  roof,  and  the 

zero  rise  time  and  assumes  that  the  structural  mem-  corresponding  experimental  data.  For  the  center  of 

her  in  question  has  a  single,  undamped  degree  of  the  roof,  the  ratio  of  predicted  to  measured  strains 

freedom.  The  second  model  is  based  on  blast  im-  is  4.8.  Several  conservative  assumptions  in  the 

pulse;  the  model  equates  the  work  done  by  the  ex-  calculations  of  Appendix  D  probably  account  for 

tornal  force  to  the  energy  stored  in  the  members.  this  discrepancy.  These  include; 

Strain  energy  due  to  both  flexure  and  shear  defor-  •  The  strength  of  the  concrete  in  tension 

mation  was  considered.  Various  safety  factors  were  was  neglected. 

applied  in  both  of  these  calculations.  When  a  sim-  •  The  compression  of  steel  was  neglected  in 

plifying  assumption  was  needed,  the  most  conser-  the  tensile-stress  calculation,  even  though  steel 
vative  choice  was  usually  made.  reinforcement  was  provided  equally  in  tensile  and 

The  ratio  of  the  duration  of  the  applied  compressive  sides  of  the  members, 
pressure  to  the  period  of  oscillation  of  the  member. 


TABLE  5.  DyiuiiniC'teat  results:  calculated  and  experimental  data  for  the  centerline  of  the 
optics  room  roof. 


CakuUiKl 


C-4 

(lb) 

TNT  njuivilenl 
(lb)* 

Slrcff 

(pel) 

Strain 

Ouin./in.) 

Racorded  ttrain 
(Min./tn.) 

Ratio, 

calculattd/recorded 

IS 

23 

220S 

47 

IS 

2.61 

69 

90 

S222 

ISl 

39 

3.S7 

IS2 

237 

6963 

211 

107 

1.97 

32S 

423 

635S 

2S9 

14S 

1.79 

SSS 

761 

S916 

276 

177 

1.97 

•  TIu'  roof  of  tiro  optics  room  is  a  rectangle. 
The  long  span  will  take  of  the  load  for  negative 
moment  and  for  pvrsitive  moment.  In  the  one¬ 
way  slab  calculations,  the  short  span  dimension 
was  assumed  to  take  all  of  the  load.  Thus  the 
calculated  stress  should  be  higher  than  the  actual 
stress. 

•  The  optics  room  rv>of  is  connected  to  its 
walls  by  a  considerable  amount  of  reinforcing  steel. 


During  loading  of  the  roof,  the  moment  distribu¬ 
tion  will  transfer  some  bending  from  roof  to  wall. 
In  the  calculations,  we  neglected  this  strengthening 
coupling. 

•  A  single,  conservative  value  of  3.32  X 
tO^'psi  was  used  for  the  modulus  of  elasticity  of 
concrete;  in  fact,  the  modulus  increases  as  the  con¬ 
crete  cures,  and  may  reach  4.o2  X  lO**  psi  for  the 
type  of  concrete  used  in  the  bullnose. 


CONCLUSIONS 


The  •t-ft-siiuare  bullnose  aperture  was  suc- 
cesfully  closed  with  the  plywood-and-steel 
sandwich  shown  in  Fig.  4.  The  steel  plates  did  not 
suffer  any  plastic  deformation,  and  the  plywood 
sheets  were  not  permanently  compressed. 

These  evperiments  show  that  gravel  bags  ef¬ 
fectively  attenuate  explosively  driven  strain  in 
structures.  In  the  5g5-lb  test,  the  accelerometers 
and  strain  gauges  showed  attenuation  by  a  factor  of 
two.  While  we  commonly  use  gravel  bags  with  ex¬ 
plosive  weights  this  high,  all  members  of  the 
building  would  probably  have  remained  within 
their  elastic  limits  even  without  the  bags. 

The  many  simplifying  assumptions  and  safety 
factors  used  in  the  design  calculations,  and  the  lack 
of  prior  experimental  verification,  introduced  a 
conservatism  into  the  analysis  that  we  believe  ac¬ 
counts  for  the  discrepancy  between  the  calculated 
and  observed  strains.  Work  is  underway  with  more 
elaborate  structural-analysis  models  on  the 
Laboratory's  large  digital  computers.  The  gauges 
remain  embedded  in  the  structure,  and  we  expect 


that  future  experiments  and  computer  m.odeling 
will  yield  better  agreement  between  theory  and  ex¬ 
periment. 

The  stresses  corresponding  to  the  measured 
strains  are  very  small  fractions  of  the  yield  stresses 
of  the  members.  For  example,  in  the  5?5-lb  shot, 
the  peak  strain  of  IBS  ^in./in.  in  the  center  of  the 
optics  room  roof  corresponds  to  a  stiess  of  S2o5  psi 
(assuming  a  modulus  of  20  X  10*"  psi  for  steel). 
This  is  only  i.9%  of  the  nominal  yield  stress  of  the 
steel  (60  000  psi).  Thus,  even  for  sgs  lb  of  C-4,  the 
optics  room  roof  is  well  below  the  elastic  limit  and 
the  yield  strength  of  its  reinforcing  members. 
Careful  examination  of  the  data  leads  us  to  con¬ 
clude  that  1000  lb  of  TNT,  detonated  under  the 
conditions  of  these  tests,  would  produce  a  strain  no 
higher  than  SOO  ^in./in.  in  any  of  the  gauges.  This 
corresponds  to  stress  of  14  500  psi  in  the  reinforc¬ 
ing  steel,  24%  of  the  yield  stress.  The  building 
design  goals  have  been  achieved:  in  fact,  the  FXR 
facility  is  an  extremely  strong  structure  that  should 
withstand  detonations  for  many  years. 
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INIKODUCTION 

v 

The  response  of  strnetnrsl  bnilding  frsaies  to  blsst  losdings  is  of 
greet  interest  to  siilitssy  sttsok  planners,  to  ssfetT-orientad  personnel,  and 
to  persons  required  to  prevent  or  lessen  terrorist  attaok  daaiage.  This  paper 
investigates  the  response  of  a  nnnbor  of  stmotnral  steel  or  roinforeed  oon- 
orete  eolnnns  to  aoeidental  or  terrorist  erplosions  by  designing  the  oolnans 
for  an  assnaed  *  typical'  office  or  hotel  strnotnre.  deteraining  the  aid-height 
lateral  detleotion  of  the  oolnsa  which  will  lead  to  its  snbseqaent  collapse 
under  the  applied  building  loads,  and  then  detemining  the  blast  pressnres  and 
iapulses  necessary  to  prodnoe  this  critical  aid-height  deflection. 

A- 

BUILDINB  DESIGN 


The  typical  bnilding  layout  chosen  is  shown  la  Pignre  1.  Colnans  are 
placed  at  20  foot  centers  in  both  orthogonal  directions.  A  naifora  live  load 
of  90  pounds  per  square  foot  was  applied  to  eaoh  floor  in  addition  to  a  dead 
load  eqnal  to  the  weight  of  a  7-iaeh  concrete  floor  slab.  The  total  load  on 
eaoh  ooluaw  type  (eoraer,  eaterior,  or  interior)  was  deterained,  sad  the  col- 
uam  section  selected  using  the  1963  Aaerican  Concrete  Institute  (ACl)  or  1967 
Aaerican  Institute  of  Steal  Constructions  (AISC)  specifications  for  the  rein¬ 
forced  concrete  or  steel  oonstrnotion,  respectively.  Bonding  aoacnts  froa 
connecting  beaas  were  ignored,  and  aialana  eode-applied  eccentricities  were 
used.  Fixed  support  conditions  at  the  top  and  bottoa  of  the  oolnaa  were  as- 
suaed,  and  a  12  foot  dear-span  height  was  used.  The  concrete  design  ntilixed 
ultiaate  strength  design  techniques  with  a  oonorete  strength  (fg')  of  4,000 
psi  and  a  steel  reinforcing  bar  yield  strength  (fy)  of  50,000  psi.  The  struc¬ 
tural  steel  design  utilised  36.000  psi  yield  strength  sections.  Table  1  sna- 
aarixea  the  applied  loads  and  seetioa  selections  for  the  strnotnral  steel  de¬ 
sign,  and  Table  2  contains  siailar  data  for  the  reinforced  concrete  aeabers. 


CRITICAL  DEFLECTIONS 


The  scenario  for  blast  daaage  and  subsequent  collapse  is  presented  in 
Figure  2.  The  blast  is  assnaed  to  not  froa  either  direction  (strong  or  weak 
axis)  and  defoms  the  ooluan  into  the  shape  of  Figure  2(o).  The  applied 
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f  T^ble  2.  E«iii£orc«d  Conox*t«  Colnwt  Design 


ColWA 

LoflAtion 

Applied  Load 
(Klat) 

b  -  t* 

Uaytoil 

d'* 

ttMkfll 

A.  -  A,'* 
U8i  ift)- 

Cosa«c 

226 

12 

2.5 

2.54 

Ext«rior 

416 

16 

2.5 

5.10 

latcvioc 

788 

22 

2.5 

7.62 

(c)  OaforiMd  Sh«p« 


■tmotnckl  1m4»  •otlag  throagh  tk*  d«foni*d  •oetatrieiiy.  A,  pcod«o«»  ■  mo- 
■•at  whloh,  if  tli«  d«fl«otioa  it  taff ielaatly  gr««t,  axotcda  tk«  ooablacd  •si- 
•1  load  aad  ■oaoat  oapaoity  of  tb«  oxoaa~aootloa.  Hi*  oolma  will  tlioa  fail. 

Ibo  ato*!  eolaaa  aaotioaa  wax*  aaaljriod  for  boadiag  ia  both  tb«  atroag 
aad  w*ak  aria  dirootioaa.  Figar«a  3  aad  4  praaoat  tb«  idaaliaod  eroaa  aao-* 
tioaa  aad  tha  ooaplataly  plaatio  atxaaa  profilaa  for  tha  two  baadiag  oasaa. 

Tba  looatioa  o£  tba  aaatral  aria  (N.A. )  waa  dataxaiaad.  lha  diataaoa  froa  tha 
taaaioa  flaaga  to  tha  aaatral  axia  for  tha  strong  axia  oaaa  waa  foaad  to  ba 


T,  a 

2W 


2W  F, 


(1) 


whara  tha  waxiablaa  ar*'  aa  dafiaad  ia  Figara  3.  For  tha  waak  axis  oasa,  tha 
eorraspoading  diataaoa  froa  tha  taaaioa  adga  to  tha  aaatral  axia  la  given  aa 


s 


2Tp  f  Py  +  H  Fy  ~  P 
4T^Fy 


(2) 


whara  the  varlablaa  are  aa  dafiaad  ia  Figara  4, 

Tha  aeoantrielty  of  tha  applied  atrnetaral  load.  P,  froa  tha  aaatral 
axia  naoasaary  to  prodaoa  a  aoaaat  agaal  to  tha  raaiating  aoaant  was  than  da- 
taraiaad.  This  leads  to  tha  following  strong  and  waak  axis  aooaatrioitias 
(shoot  tha  aaatral  axis): 


+  W  (Tp  - 
Tp  W  (2H 
(W  -  Xp)* 


X)*  +  1^  H  (H  +  2Tp  -  2X^)  + 
+  31^  “  2X) j 


(3) 

(4) 


These  aeoentrioitias  ware  than  adjostad  to  ■aasnra  fro»  the  original  saetion 
eaatarliaa  (whara  tha  strootaral  load  is  assoaad  to  ba  applied).  This  aooaa- 
trioity  abooi  tha  oentarliaa  is  than  oritloal  aid-height  daflaotion.  A.  Tha 
rasalts  are  saaaariaad  ia  Table  3. 

The  raiaforoad  ooaorata  ooloaas  of  Tbbla  2  wars  analysed  for  banding 
•boat  tha  strong  axis  only  sinoa.  ia  raality,  tha  steal  placaaant  wunld  proba- 
•bly  bs  anifora  aroand  tha  eolwsui  and  tha  skatoh  in  tha  table  raprasants  an 


Nautral  Axis 


Csntsrllns 


TsnslOQ 


ComprsssloQ 


(s)  Cross  Ssction 


(b)  Scrsss  Distribution 


Fifsr*  3.  ftrosf  Axis  Bssdisf  of  Btssl  Colsass 


■  wwnw^  wirw^irr^^* 


Fifvt*  4.  W««k  Axis  B«a4iaf  of  Stool  Coloaao 
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Tibi*  S.  of  Stool  CoIomo* 


IsaiTtT  Mf  DiMMiio«  1  1  «  S7 


9j  (ptl) 

38.000 

D  (laokoi) 

9.000 

W  (laok*i) 

8.280 

(iaok*i) 

0.9SS 

(iaohoi) 

0.S70 

R  (iaokoi) 

7.190 

P  (poaadi) 

189.000 

Xg  (laok*i) 

0.860 

Ag  (laokos) 

11.070 

%  (lack**) 

9.830 

Af  (iaok*i) 

^.OSO 

Colaaa  8**tloa 

I-U  l  IQi 

114  8  III 

96.000 

96.000 

13.880 

13.790 

12.230 

13.800 

0.986 

1.363 

0.620 

0.980 

10.910 

12.620 

367.000 

734.000 

0.840 

1.310 

12 .200 

8.460 

S.250 

6.620 

7.080 

9.310 
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U«»li«aUoa.  A*  «ol«m  ratpesM  to  ooabiaod  ailal  load  aad  1»asdiai  vaa  4a- 
taraiaad  aaiat  iatavaatioa  diagcaaa  aUiilar  to  tkat  of  Flgara  S  whloh  it  for 
tka  oaaa  of  tka  astarior  aolaaa.  Fartiaaat  a««atioaa»  baaad  oa  Figara  3,  ara 
praaaatad  kalov. 


K  “  U  (K  * 

O  0  Z  8  1 


*0  •  \  *1 


^  'a'  ‘  f^TS/obs 


-  O.dS  f^* 


%*(*■?)**.'  *1  <*-*•' 


akara 


a^  -  0.85  d 


fj/B^  +  O.OOS 


a^'  <■  aeaaatriaity  froa  eaatar  of  taaaic 


wkara 


a|^  aooaatrieity  from  oaatar  of  aootioa 


Ao  aoaioat  oapaolty.  M,  oorraapeadiag  to  Aa  appliad  atraotaral  load. 
F,  la  Aaa  latarpolatad  aa  Aova  la  Figaro  5.  Ao  oritioal  aooaatriolty,  A. 
la  Aaa  foaad  froa 


‘1! 


c 
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Axial  Load  (P)  (Kips) 


Itanltt  of  tkioso  eolenlatloao  act  •oaaoritod  in  Toblo  4 


TIobto  4.  Boadiat  of  loiafoxood  Coaocoto  Colaaao 


Bsonastv^  os  Diaanaion 

Cosnar 

744.00 

Colnan  1>pa 

1,380.00 

Po 

(kips) 

2,280.00 

fh 

(kips) 

211.00 

400.00 

792.00 

Mo 

(kip-inohaa) 

889.00 

2,805.00 

5,400.00 

Mb 

(kip-inohaa) 

1,604.00 

4,543.00 

9,980.00 

P 

(kips) 

226.00 

416.00 

788.00 

M 

(kip-iaahaa) 

1.5S9.00 

4,463.00 

9.980.00 

A 

(inohaa) 

6.90 

10.73 

12.60 

BLAST  BB8PONSB 


Aa  oxploaioa,  olthot  ooeidoatol  os  iatoatioaol,  oan  load  a  atruotnral 
coloaa  ia  a  vasiaty  of  ways.  If  tlio  ohargo  ia  oloao  to  tha  oolnaa,  tlia  blaat 
oaa  raaalt  ia  aaaaatlally  a  polat  load  (tha  load  baiag  aqaal  to  tba  ovatpsaa- 
aasa  tlaaa  tha  a^nara  of  tha  aapoaod  oolvaa  width  os  dapth  aa  appsopsiata.  If 
tha  ahasga  ia  Ipoatod  aoaia  diataaoo  away  fsoa  tha  ooluia,  tha  load  ia  baaioal- 
ly  naifosB  otos'  tha  aoloau  laagth.  Both  of  thaaa  loada  (tha  point  and  nni- 
fosa)  asa  psodnead  by  tha  initial  blaat.  If  tha  oolwan  ia  looatad  along  tha 
wall  of  a  sooa,  tha  walla  anoloaing  that  sooa  aay  psodnoa  saflootiona  of  this 
initial  blast  and  nay,  dapanding  npon  tha  wall  atsangth  and  ohasga  placaaant, 
pasnit  tha  sisa  of  a  qnaai-statio  loading  on  tha  oolnau.  If  tha  eolwan  is  ia 
tha  opaa  asaa  of  a  sooa,  tha  tinaai-*atatio  psoaausa  bnildnp  (if  aay)  will  aet 
on  all  sidaa  of  tha  eolnam  and  will  not  psodnoa  additional  dafosnation  owas 
that  oanaad  by  tha  initial  blaat. 

Tha  saaponaa  of  a  stsnotnsal  aoabas  to  a  sapidly  varying  load  is  dapanr 
dant  npon  both  tha  paak  valna  of  that  load  and  npon  tha  loading  dnsation.  Tha 
psaoiaa  ahapa  of  this  load-tiaa  fnnotion  ia  not  ia^postant,  and  tha  tsiangnlas 
pnlaa  of  Fignra  d  will  ba  nsad  in  tha  saaaindas  of  this  papas.  Tha  iapnlaa, 

I,  os  asaa  nndas  tha  load-tiaa  onsva,  ia  than  givan  aa 


811 


(11) 


vhMt  Pngs  P**^  ovMpr««tiu*  (oc  fore*  for  a  point  load)  and  I|[)  is  tbs 

load  dnration.  Maap  eoabinationa  of  peak  overpressnr*  and  iapnls*  will  pro" 
dne*  a  apeeified  diaplaeeaent*  and  the  eospilation  of  these  points  prodness  a 
pressnte-iKpnls*  (P-I)  diagraa  for  this  defomntion. 

Detenninatioa  of  the  presanre-iapnlse  pairs  was  aade  osiat  a  single*- 
d*gr**-of-fr**doa  (SDOP)  nnaerieal  integration  sehesi*  based  on  the  eonstaat 
velooitp  or  Inaped  iapnls*  procedure  found  in  Biggs  [3].  This  prooednre  be¬ 
gins  with  the  dpaaaie  equilibriw  equation*  for  the  uadasiped  ease* 


P(t)  -  K  -  M..  »  0 
7  7 


(12) 


whore  F(t)  is  the  tiae-waryiag  loading  function*  K  is  the  stiffness*  N  is  the 
■ass,  7  is  the  displaceaent*  and  y  is  the  aeeeleratioa.  A  roeurrenoe  fomula 
is  developed  to  pemit  extrapolation  of  the  displaeenent  at  tine  station  (i 
1)  fron  data  available  for  tine  step  (i)  or  before.  The  fomula  for  this  pro¬ 
cedure  is  given  by 


(i  +  1) 


.<i) 


-  y<*  “ 


(At)' 


(13) 


where  At  is  the  tine  step, 
as 


The  initial  aeeeleratioa,  y 


(0). 


is  generally  given 


y<0)  _  ELfil 


(14) 


and  the  initial  displaeenent,  y^^^*  as 

-(0) 


(13) 


This  initial  aeeeleratioa*  y^^^*  is  assuned  constant  during  the  first  tin* 
step,  and  the  diaplseonent  at  the  end  of  this  step*  y^^^*  is  found  fron 


y^^*  -  1/2  (At)* 


(Id) 


The  reenrrenee  fomnla  (■qwation  (13)1  is  then  used  to  follow  the  systen  re- 
apensa. 
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fi4U«i:ioa  (IS)  iapllas  that  tii*  •i:raotoral  r»«ittano*«  to  the  ajipliod 
loada*  ty,  it  linoar  with  watpoot  to  syttoa  doflootiont,  Iha  rttlttaaot  two- 
tioa  (focoo-dotleotioa  cciatioaahip)  ottd  hoae  iattaad  it  ahowa  ia  Pigart  7. 
Baoh  of  th«  thtto  phattt  of  the  tyttea  rtapoato  (i.o,»  tlattio,  olaatio- 
plattio,  tad  fally  plastic)  it  rtpttteattd  by  Msiaaa  eotittaaotti,  Bn,  ttiff- 
attttt,  I«  tad  load-wiaot  faotoct.  Kln.  til  of  which  cau  be  foaad  in  Reference 
3  or  4  for  varying  tapport  coaditioat  tad  load  typet.  The  load-wiaaa  factor 
peraita  revltioa  of  Eqaatioa  (12)  to  relate  the  equivalent  SHOP  atat,  foroe, 
tad  atiffaete  to  the  origiaal  ayatea.  The  dyaaalc  eqailibriaa  e^aatioa  then 
be cone a 


P(t)  -  R(y)  “  fyj  My  *  0 


(17) 


where  F(t),  M«  y.  and  y  are  the  vtlnea  froa  the  origiaal  ayatea. 

Ibe  3ia(,le-degree-*-of-fxeedoa  approach  waa  need  to  deteraiae  the  prea- 
aore-iapalae  ptira  aeeeaatry  to  produce  lateral  oolnas  deflectloaa  aa  ahown  in 
Figure  2  tad  anaaarised  in  Tablet  3  aad  4  for  the  different  colnau  aateriala 
and  bendiag  dlrecticaa.  Reanlta  are  ahowa  ia  Figurea  8,  9,  and  10.  The  prea- 
auret  for  the  unifonaly  loaded  oaaea  act  over  the  entire  length  aad  width  of 
the  aapoaed  face  while  thoae  for  the  point  loada  are  aaauaed  to  act  over  vu 
area,  at  the  center  of  the  oolna>n,  equal  to  the  exposed  width  aquared. 

Now  that  these  presaure-iiqpnlae  pairs  are  known,  all  that  reaaina  if 
the  detenaiaation  of  the  high  explosive  quantity  aad  distance  froa  the  Kcaber 
that  will  produce  these  critical  deflectioaa.  Consider  first  the  case  of  uni- 
fom  loading.  A  atsadoff  distance  of  10  feet  froa  the  aid-height  of  the  ool- 
uaa  will  provide  a  relatively  unifora  load  along  the  length  of  the  12  foot 
coluan.  Consider  also  the  case  where  the  colvaa  ia  along  the  wall  of  a  build¬ 
ing  rooa  which  will  produce  reflections  of  the  blast  wave.  Baker,  at  al,  [S] 
have  shown  that  for  a  centrally  located  detonation,  there  will  be  three  sig¬ 
nificant  blast  pressure  pulses:  the  original  incident  pulse  of  aagnitude  Pan^ 
and  duration  T)|,  a  reflected  pulse  of  aagnitude  duration  Tg,  and 

another  reflected  pulse  of  aagnitude  Paaz^^  ****  duration.  Since  the 

initial  duration,  and  the  tlaes  between  arrivals  of  these  pulses  are  gea- 
crslly  short,  relative  to  the  atruotnral  natural  period,  the  pulses  can  be  coa- 
bined  into  a  single  one  with  an  aaplitude  of  1.75  producing  an  iapulse 

1.7S  tlaes  that  of  the  initial  wave.  With  these  reflections  then,  the  pres¬ 
sures  and  iapolses  of  Figures  8,  9,  and  10  can  be  divided  by  this  1.75  aapli- 
fication  factor. 

The  short  duration  of  blast  loads,  for  relatively  saall  charges,  sug¬ 
gests  that  the  isq^ulse  portion  of  the  F-2  diagraa  will  be  the  hardest  to  sat¬ 
isfy.  For  that  reason,  the  procedure  to  deteraine  the  quantity  versus  dis- 
tanos  points  is  as  follows; 

i.  For  a  given  coluan  and  loading  direction,  deteraine  the  ainiaua  iar- 
pulse  and  the  pressure  at  which  it  first  ocenrso 


1  (p8l-S«C) 


Fitnr*  9.  P-I  DUgxuis  for  took  Azi»  Bonding  of  Stool  Colnnno 


2.  D«t«niiA«  r«4alc*d  1,  tad  prtttttxt,  by  dividlag  by 

1.75. 

9.  Sdtot  t  obtC|«_««itht«  1,  tad  dtttntiat  Ctlealttt  tbt 

totlad  iapaltt  Uelag  blttt  ovttpxtttart/iapaltt  vertat 

totltd  ditttaot  eaxvtt  (taob  tt  that#  In  Itftxaaet  S).  dtttntiat 
tbt  totltd  ditttaot.  Z.  (ft/lb^^^)  whioli  prodaott  Uit  tbovt  totltd 
iapal tt . 

4.  Ctloalttt  tbo  rtagt  tot  tht  ehtrgt.  V.  tt  B  >  Z  If  B  it 

grttitt  thta  10  fttt,  tbt  qaaotity-diittnoo  point  it  tttablitbtd. 
Bopttt  tttpt  9  tad  4  for  t  nambor  of  poiatt. 

5.  For  P.  dtttraiat  Z  whiob  prodaott  tbit  prtttart.  For  tbit  Z.  dt- 
torwiat  (i/f^^^)  tad  tot  i  tqatl  to  7.  Tbit  will  ptntit  otleBlt~ 
tioa  of  tad.  btaet.  W.  Dtttntiat  B  froii  B  •  Z 

6.  Utt  tbt  Z  tbovt  (abort  aiaiana  iaipaltt  tad  aiaiaaa  prtttart  trt 
tobitvtd)  tad  iaortttt  W.  dtttntiaiag  tbt  rtagt  from  B  ■  Z 

Tbit  portioa  of  tbt  oarvt  providtt  ■iaiBna  prtttart  tad  txtrt  ia-* 
pal tt . 

Ibttt  otlealttioat  trt  taaatriztd  ia  Figartt  11  tbrongb  13. 

Coatidtr  aow  tbt  ottt  of  ta  tzplotivt  obtrgt  dttoattiag  olott  to  tbt 
oolaaa  tt  its  aid-btigbt.  An  tpproteb  tiailtr  to  tbtt  tbovt  vtt  attd  wbtrtia. 
for  mtlltr  obtrgtt.  tbt  obtrgt  titt  tad  ditttaot  ntottttry  to  providt  tbt 
■iaiaaa  iapaltt  froa  tbt  P-I  ditgrtat  wtt  dtttntintd*  tad  tbt  prtttart  obtektd 
to  ttt  tbtt  it  tzottdt  tbt  oorrttpoadiag  aiaiaaa  prtttart.  Tbt  obtrgt  vtigbt/ 
ditttaot  ptir  providing  tbt  prtoitt  iapaltt  tad  prtttart  vtt  dtttntintd.  tad 
tbta  obtrgt  vtigbt  tad  ditttaot  vtrt  dtttraiatd  for  otttt  providing  tbtt  aiai~ 
aoa  prtttart  tad  t  grttttr  iapaltt.  It  aatt  bt  obttrvtd.  bovtvtr,  that  tbt 
nttrattt  of  tbt  obtrgt  to  tbt  oolaaa  tad  tbe  vtsy  high  iatoatity  of  tbt  blttt 
pnltt  trt  taob  tbtt  toy  rofltotioat  froa  rooa  vtllt  trt  iatigaif iotat  tad  tbtt 
tbort  it  no  1.79  ftotor  vhiob  can  rtdnot  tbt  rtqairtd  blttt  prtttartt.  Bt- 
oalta  trt  ditpltytd  in  Figartt  14.  IS,  tad  16. 

A  fov  ooaaaatt  on  tbt  rtonltt  ditpltytd  in  Figartt  11  tbroagb  16  trt  ia 
ordtr  tt  tbit  tlat.  Tbt  oatp  ia  tbt  oarvtt  for  obtrgt  vtigbt  vtrtat  ditttaot 
for  tbt  anifora  loading  ottt  rtprtttntt  tbt  tranaition  froa  ainiaaa  iapaltt 
tad  a  bigbtz  prtttart,  to  tbt  Itft  of  tbt  point,  to  t  higbtr  iapaltt  for  tbt 
oorrttpoadiag  oontttat  prtttart  to  tbt  right  of  tbt  point.  An  arbitrary  10 
foot  ainiaaa  ditttaot  bat  btta  applitd  to  tpproxiatttly  t  anifora  load  ovtr 
tbt  12  foot  oolaaa.  All  of  tbt  oarvtt  for  anifora  loading  rtprtttnt  tbt  att 
of  t  1.7S  prt a tart- iapaltt  ftotor  otattd  by  aaltiplt  rofltotioat  witbin  t 
rooa.  Tbit  ftotor  ia  btttd  on  t  rongbly  eabiotl  rooa.  Wbilt  atny  of  tbt  dit- 
ttnott  voald  prtttnt  groat  dtvittioat  froa  tbit  idttlixtd  rooa  tbtpt,  tbt  rt- 
fltotiona  off  tbt  roof  tad  floor  voald  prodaot  ta  taplifiottion  ftotor  of  toat 
onknowa  atgaitadt.  Tbt  att  of  tbt  prtttattd  oarvtt  voald  bt  oontervttivt  froa 
t  dttigntr't  vitvpoiat  tinet  ta  taplifiottion  ftotor  of  Ittt  tbta  1.7S  it 
prtotiotlly  tttartd. 


Distance  (ft) 


'^.T^r^T.’rTTr^w'Sjiw 


»».»•«*«>»«  •... 


W  12  X  106 


f  H  8  X  67 
and 

W  U  X  211 


1000  2000 


Charge  Weight  (lb) 


Flgace  14.  Ckaxge  ffeight/Oiatanee  for  Failesa  of  Steel  Colawae 
Dade*  Foist  Load  at  MldHieigkt  **  Stxosg  Axle  Beadisg 


r.'ji 


Charg*  Uaight  (lb) 


Flgax*  IS.  Ckaxg*  f«ifkt/Di«t*a««  foir  Pailsr*  of  Sttol  Colvaa* 
OaSot  foiat  Lot4  at  N14**Haigkt  -  Woak  Aala  Boa4iag 


Charg«  Weight  (lb) 


Flgece  K.  Ckerge  ffelght/Dietemee  for  Failure  of  leiafotoed  Coaecete 
Colaaaa  Umdet  Foiat  Loadlag  at  Nid-Faight 


lb*  oharg*  w«igbt/di>taao«  ouvaa  for  tba  point  load  oato  (Fignraa  14, 
IS,  and  16)  hava  an  arbitrary  nppar  ataadoff  diataaoa  of  fiva  foot  to  rapro- 
•aat  tha  aad  of  point  loading  and  a  tranaition  to  naifom  loading.  If  tba  ao- 
tnal  loading  on  tba  antira  oolnnn  wara  oonaidarad,  tba  onrraa  in  tbaae  fignraa 
vonld  abift  downward  for  diatanoaa  graatar  than  ona  or  two  faet. 

APPLICATION  OP  TBE  EBSDLTS 


While  the  nnaiarioal  raanlta  praaantad  above  are  atrictly  applicable  to 
only  air  certain  oroaa-'aeotiona  and  loading  eaaaa,  tba  procadnraa  naad  can  be 
applied  to  any  aiaiilar  aitnation.  Tba  nagnitndaa  of  tba  charge  waigbta  and 
diatancas  oan  alao  serve  aa  indicatora  of  ainilar  valnea  for  other  oolnaua. 
Tbaaa  applications  are  explained  below. 

Consider  first  tbs  design  of  a  nnlti-story  strnotnre  whose  first  floor 
is  to  bo  need  as  an  explosives  handling  area.  Hie  charge  weight  versos  dis¬ 
tance  onrvaa  of  Fignrea  14  tbrongb  16  could  be  need  to  preaoribe  bow  close  ex¬ 
plosive  obargaa  can  be  placed  or  carried  near  tha  ooloams.  For  exaaple,  a 
200-lb  charge  should  not  be  placed  any  closer  than  1.5  faet  to  a  corner  rein¬ 
forced  conorete  oolunn  (sea  Figure  16).  This  saaie  200-lb  charge  presents  no 
collapse-causing  danger  in  a  naifom  load  case. 

The  critical  dafomations  oalcolatad  earlier  oan  also  be  thought  of  as 
rotations  rather  than  deflections  (sea  Figure  2).  Table  5  suanarixas  these 
rotations.  Current  design  practice  for  aooidental  explosions,  as  contained  in 
TN  5-1300  [6]  indicates  that  partial  failure  will  occur  at  a  support  rotation 
of  12*.  This  criterion  of  12*  does  not  consider  any  axial  loads  while  Table  5 
indleates  oollapso  of  the  ooluans  at  rotations  of  froa  4.8*  to  9.9*.  Clearly, 
structural  loads  should  be  considered  in  blast-resistant  design. 

Consider  now  soae  ailitary  iaplications  of  the  caloolational  results. 

An  8-inch  artillery  shell  (11106)  contains  less  than  40  pounds  of  high  explo¬ 
sive.  As  a  point-load  source,  sssuaing  thst  the  easing  does  not  reduce  the 
blast  effeetivsness,  the  shell  aost  be  less  than  12  inohes  froa  the  ooluauus  at 
their  aid-heights.  Since  there  is  no  relisble  way  to  detonate  a  shell  at  this 
location,  the  round  would  have  to  hit  the  coluan.  Since  the  widest  aenber 
considered  here  is  only  22  inches  vide,  the  likelihood  of  a  hit,  and  conse¬ 
quently  the  likelihood  of  severe  structural  daaage  to  a  fraaed  structure,  is 
very  saall. 

A  2000-lb  boab,  such  as  the  Nk  84  with  945  pounds  of  explosive,  is  cap¬ 
able  of  penetrating  concrete  roofs  and,  once  inside  a  building,  poses  a  very 
severe  threat  to  the  structural  frsae.  In  a  unifora-loading  node,  this  explo¬ 
sive  sise  has  a  daaaging  distance  of  froa  around  10  to  alaost  20  feet  for  the 
different  ooluans  and  orientations  studied.  A  500-lb  boab,  such  as  the  Nk  82 
with  192  pounds  of  explosive,  would  have  liaited  capability  in  a  unifora-load- 
ing  aode  and  would  have  daaaging  distances  of  froa  1.1  to  2.0  feet  as  a  point¬ 
load  source. 
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Tkbl*  5.  Critloal  Dafosaatioas  Bzpxaaaad  aa  Rotatioaa 


Colaaa 

Baadiag 

Dixootioa 

Cxitioal 

Dafoxaatioa 

(iaohaa) 

Rotatioa 
(doaxaaa)  ' 

W  8  a  <7 

Stxoag 

11.07 

8.7 

ff  8  a  67 

foak 

6. OS 

4.8 

f  12  a  106 

Stxoag 

12.20 

9.6 

f  12  a  106 

Voak 

7.08 

S.6 

f  10  a  211 

Stxoag 

8.46 

6.7 

W  14  a  211 

Weak 

9.31 

7.4 

B.  C.  Coxaax 

— 

6.90 

5.5 

R.  C.  Bataxiox 

— 

10.73 

8.5 

R.  C.  lataxiox 

-TT,- 

12.60 

9.9 

Aa  aaploalva  ohaxga  plaead  la  oax  typloal  atxastaxa  bjr  a  taxxoxiat 
ooald  hava  Its  daaagiaf  affaota  aaaaaaad  asiag  althax  tha  polat  ox  aalfoxa 
loadlag  aaxras  at  appxopxiata  to  tba  ohaxga  looatioa.  If  tha  ohaxga  is  la  tha 
oaatax  of  a  xaoa,  fox  axaspla,  aad  tha  figaxas  pxadiot  stxaetaxal  oollapsa, 
oaa  appxoaoh  to  llaltiag  this  daaaga  ooald  ba  xaaoTal  of  tha  aoaload-boaxiag 
xooa  walls  to  aliaiaata  tha  1.7S  pxaataxa-iapalsa  aaplif ioatioa  faotox  ia- 
oladad  la  tha  aaifoxa  load  aaxraa.  If  aa  aaplosiva  ohaxga,  whioh  is  to  ba 
disaxaad  bp  BOD  paxaeaaal,  poaaa  a  oollapaa  thxaat  to  a  oolaaa,  taa^oxaxp 
thoxiag  ooald  ba  iaatallad  to  sappoxt  tha  stxaetaxal  loads  ia  tha  awaat  of  a 
datoaatioa. 

tha  xaaalta  of  tha  oalealatioaa  pxaaaatad  haxa  eaa  also  ba  aaad  ia  aa- 
oidaat  ox  poat-attaah  iarastigatioas.  Aa  axaapla  of  this  applieatioa  oaa  ba 
foaad  ia  tha  attaok  oa  tha  aabaaap  la  Baixat  ia  ^xil  19t2.  Aa  axploaiva- 
ladaa  txaak  waa  dxivaa  iato  tha  aabaaajr  ooaipeasUi  aad  datoaatad,  xaaowiag  aaap 
of  tha  atxBOtaxal  a^pexta  aad  toppliag  tha  aalti-atexp  atxaetaxa.  Aasaaa 
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tliAt  th«  ttxnotwral  dasign  aqaivalMt  to  tlio  eotoot  relnforead  ooaorata 
eoloan  «a«d  bora.  Siaca  tha  datoaatioa  waa  allagadly  oataida  of  tlia  atcao- 
taaa,  tha  1.75  praaaaca-iapalae  aapllf ieatioa  factor  oaaaot  ba  atad.  Tba  aia- 
laaa  ii^alaa  froa  tbia  aaabar*a  1^1  diagcaa  (Flgaca  10)  la  1.48  pal-aaeoada 
with  a  aiolaaa  praaaara  of  300  pal.  Tabla  d  ooataiaa  a  liatiag  of  azploalTa 
waiglita  aad  dlataaoa  ooablaatioaa  ahlob  will  aatlafy  tbaaa  raqalraaaata.  Sap- 
poaa  aow  that  tha  track  waa  loadad  wltb  5000  poaada  of  aaploaiwa.  Tabla  6  la- 
dloataa  that  tkla  okarga  waigbt  woald  hawa  to  ba  witbln  30.8  feat  of  aaoh  ax- 
tarior  oolaau  to  oaaaa  thair  eollapaa.  Pbotograpba  of  tba  topplad  atraotara 
ladieatad  tkat  aaay  of  tha  iatarior  oolaaaa  wara  alao  daatrojrad,  iadioatlng 
that  othar  faotora,  aaoh  aa  pra-aaplaoad  oattlag  ohargaa  oa  tha  ooloauaa.  aay 
hava  baaa  lawolvad. 


Tabla  6.  Bxploaiwa  faight/piataaea  for  Coraar 
Ealaforoad  Coaorata  Colaaa 


Bxploaiwa  Walght 
(lb) 

Dlataaoa 

(faat) 

500 

8.3 

1,000 

12.3 

2,000 

18.3 

4,000 

27.0 

5,000 

30.8 

7,000 

37.3 

10,000 

47.4 

SOMNAET 

Tbla  papar  haa  pxaaaatad  a  aathodology  fox  iawaatigatiag  blaat  affaeta 
oa  Btxaataxal  oolwaaa.  Ihia  pxooadaxa  haa  baaa  followad  oa  a  typioal  axbaa 
atxautara  aad  tha  affaota  gaaatlfiad.  Applioatioaa  of  thla  aathodology  to 
both  daaiga  aad  poat-awaat  laToatigatloa  hava  baaa  oatliaad  aad  gaalitativaly 

dimwaatratad. 
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This  report  preaenta  a  revieM  of  lightning  tmrning  techniquea  with 
eaphaaia  on  eiqploaive  facilitiea  md  operationa.  An  explanation  of  how  each 
technique  is  used  to  detect  the  presence  of  conditions  that  can  lead  to  these 
discharges,  with  the  advantages  and  limitations  of  these  techniques  is  given. 
In  addition,  an  attempt  is  made  to  show  how  the  lightning  detection  hardware 
can  be  incorporated  into  a  faclli^'s  Hasardous  Heather  Plan. 
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I.  INTRODUCTION 


Lightning  oan  pose  a  savara  safaty  hazard  during  axploslva  manufacturing 
and  handling  oparatlona  dua  to  vary  strong  elaotrlo  and  magnatlo  fields  that 
are  produced.  Eaoh  of  the  sarvioes  of  the  Department  of  Defense  recognize 
this  threat  and  require  that  explosive  operations  be  curtailed  at  the  approach 
of  a  thunderstorm.  However,  little  guidance  Is  given  to  the  responsible  party 
In  determining  when  a  thunderstorm  is  about  to  appear  over  his  facility.  In 
response  to  this  problem,  the  Naval  Sea  Systems  Command  (NAVSEA  04H)  has 
tasked  the  Naval  Surface  Weapons  Center  to  investigate  the  current  state-of- 
the-art  in  lightning  detection  technology  and  determine  the  effectiveness  of 
eaoh  technique  in  applications  involving  explosive  operations.  This  paper  is 
a  preliminary  report  of  the  information  gained  from  the  first  phase  of  the 
program.  It  will  review  current  lightning  detection  techniques  available  to 
explosive  facilities  and  describe  how  each  technique  oan  be  used  to  provide  an 
advance  warning  of  thunderstorm  activity. 

LIGHTNING  DAMAGE  MECHANISMS 


The  protection  of  a  structure  from  the  effects  of  lightning  is  based  on 
statistical  considerations  of  key  lightning  parameters.  Even  though 
facilities  that  house  explosive  materials  are  well  protected,  it  is  often  not 
economically  feasible  to  provide  complete  (lOOT)  protection  even  to  a  "one-of- 
a-kind**  facility.  For  this  reason,  it  is  essential  to  have  an  advance  warning 
of  lightning  activity  to  terminate  all  explosive  operations,  or  to  evacuate 
all  non-essential  personnel  from  the  area  when  termination  of  operations  is 
not  practical. 

Lightning  damage  mechanisms  are  both  moohanioal  and  electrical  in  nature. 
The  heat  produced  in  the  lightning  channel  by  return  stroke  currents,  which 
can  reach  200  kA  (200,000  amps),  is  adequate  to  burn  holes  in  metal  plates  at 
the  attachment  point,  fuze  wires,  burn  through  insulators  such  as  glass,  and 
cause  explosions  in  masonry  and  trees  due  to  the  rapid  expansion  of  trapped 
moisture.  The  30,000°K  temperatures  generated  in  the  channel  produces 
pressures  of  over  400  psi.  The  expansion  of  the  channel  produces  a  strong 
cylindrical  shock  wave  whose  pressure  decreases  with  the  square  of  the 
distance  from  the  channel,  until  it  becomes  thunder.  In  addition,  the  return 
stroke  currents  produce  mechanical  forces  which  can  crush  metallic  conduits, 
pull  wires  from  walls,  and  arc  through  insulating  materials.  These  mechanical 
effects  are  generally  associated  with  a  direct  lightning  strike  and  typically 
result  in  much  physical  damage  at  the  point  of  attachment. 

In  contrast  to  the  mechanical  donage  mechanisms,  the  electrical  damage 
mechanisms  can  also  be  caused  by  distant  lightning.  Each  lightning  stroke 
produces  an  electromagnetic  wave  due  to  the  rapidly  changing  return  stroke 
current.  This  electromagnetic  pulse  induces  currents  in  closed  loops  of  wire 
and  exposed  conductors  such  as  overhead  power  lines,  telephone  lines, 
instrumentation  lines,  and  detonator  leads.  The  resulting  surges  can  cause 
severe  dmnage  due  to  arcing  if  not  properly  protected. 

With  the  advent  of  plant  modernization  came  the  increased  use  of  solid- 
state  electronics  in  explosive  operations.  These  electronic  devices  are  much 
more  susoeptable  to  transient  over-voltages  and  surges,  requiring  much  less 
energy  to  cause  catastrophic  failure.  The  use  of  devices  of  this  type  in 
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manufacturing  facilities  where  an  immediate  shutdown  is  not  praotioal, 
requires  that  a  programmed  shutdown  be  inititated  well  before  a  thunderstorm 
reaches  the  facility.  However,  equally  important  are  the  economic 
considerations  due  to  a  shutdown  when  no  lightning  hazard  exists. 

The  primary  task  of  the  Thunderstorm  Hazards  to  Ordnance  Research  (THOR) 
program  is  to  determine  when  explosive  operations  should  be  ourtailed  due  to 
lightning  hazards  and  define  the  warning  levels  adequate  for  each  type  of 
warning  technique.  This  is  a  very  ocmplex  problem  and  will  take  the  reduction 
of  years  of  lightning  detection  data  from  differing  geographical  locations. 

WARNING  REQUIREMENTS 

The  first  step  in  selecting  a  warning  device  is  to  determine  how  much 
advance  warning  is  required.  As  stated  earlier,  lightning  can  create  a 
hazardous  condition  well  before  it  reaches  the  location  of  the  explosive 
operation.  In  addition,  the  spatial  separation  of  successive  strikes  is  about 
3km  (2mi.)  with  separations  of  up  to  10km  (6mi.)  recorded. 

The  amount  of  warning  time  required  from  a  lightning  detection  system 
will  vary  considerably  from  facility  to  facility.  The  following  factors 
influence  the  amount  of  warning  time  necessary: 

1.  Type  of  operations  being  conducted  and  the  sensitivity  of  the 
ordnance  being  handled  in  that  configuration  - 

For  example,  a  missile  in  its  "all-up"  configuration  with 
electrical  out>of-line  devices  is  much  less  sensitive  than  a 
detonator  with  its  firing  leads  attached.  In  addition,  the 
sensitivity  of  electronic  control  systems  must  also  be  considered 
in  modern  manufacturing  plants  where  an  immediate  shutdown 
introduces  an  unacceptable  hazard. 

2.  Length  of  time  required  to  terminate  operations  - 

Explosive  operations  that  require  only  minutes  to  terminate  need 
less  sophisticated  warning  systems  than  will  a  manufacturing 
plant  that  may  require  an  extended  period  to  complete  a 
programmed  shutdown. 

3.  Schedule  criticality  - 

Sites  with  little  incidence  of  lightning  activity  can  afford  to 
be  much  more  cautious  in  terminating  operations  than  a  site  that 
will  experience  greater  than  60  thunderstorm  days  per  year.  For 
operations  whose  scheduling  is  critical,  the  early  warning  of 
lightning  activity  is  a  critical  problem. 

4.  Location  of  operations  - 

The  orographic  effect  due  to  the  location  of  the  facility  is 
often  critical  in  determining  the  type  of  storm  warning 
necessary.  Mountains  and  large  bodies  of  water  often  provide 
some  of  the  conditions  necessary  for  the  development  of 
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thunderstorms.  Faollltlss  near  orographlo  features  such  as  these 
may  find  a  larger  number  of  storms  building  directly  over  their 
facility  than  would  a  plant  in  a  flat,  open  area.  Storms  slso 
tend  to  follow  these  features  in  terrain  during  their  normal 
movement.  In  addition,  the  geology  of  the  area  oan  be  Important. 
Lightning  has  been  observed  striking  in  a  valley  Just  below 
cliffs  that  are  composed  of  high  resistivity  earth. 

5.  Typical  storm  oharaoterl sties  > 

An  experienced  observer  at  an  ordnance  facility  oan  often 
forecast  the  onset  of  a  thunderstorm  because  of  the  years  of 
observation  of  the  characteristics  of  these  storms.  Some  of 
these  characteristics  are  the  type  of  storm  normally  experienced, 
typical  direction  of  speed  of  storm  movement,  typical  times  of 
day  of  storm  ooouranoe,  and  normal  ambient  conditions  leading  to 
storm.  The  experienced  observer  oan  use  the  observed  deviation 
In  these  characteriscios  to  see  how  useful  each  can  be  when 
trying  to  decide  whether  to  terminate  operations  or  not. 


The  relative  importance  of  each  of  these  factors  will  vary  with  each 
individual  operation.  In  addition,  some  operations  may  have  some  factor  that 
influences  the  type  of  warning  system  necessary  that  Is  peculiar  to  that 
particular  operation  only.  Therefore,  before  selecting  a  warning  system  each 
operation  performed  at  the  facility  should  be  considered. 
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II.  LIOHTNINO  WARNING  TECHNIQUES 


It  is  not  yst  possibls  to  make  soourato  lightning  forsoasts  for  any  givan 
location,  but  it  ia  possibla  to  dataot  tha  ooouranoa  of  distant  lightning  and 
dataot  tha  oonditions  that  can  laad  to  lightning,  and  thus  a  naarby  disoharga. 
Soma  dataotion  taohniquas  ara  still  primarily  rasaaroh  tools  and  are  not  yat 
advanoad  anough  to  ba  iisad  raliably  as  a  warning  davioa.  An  axsmpla  of  thasa 
ara  tha  dataotion  of  tha  optioal  and  audibla  spaetrun  of  lightning.  Rasaaroh 
in  thasa  araas  hava  not  baan  diraotad  toward  lightning  location  axoapt  in 
oruda  form.  For  axampla,  tha  diffaranoa  in  propagation  tins  batwaan  tha  light 
and  sound  wavas  produoad  by  lightning  is  usad  today  at  many  facilities  for 
locating  tha  distance  from  a  storm.  AFR  127-100  states  that  a  storm  is  "in 
tha  vicinity"  whan  tha  diffaranoa  in  time  between  seeing  tha  lightning  flash 
and  hearing  tha  thunder  (referred  to  as  flash-to>bang  time)  is  15  seconds  or 
lass,  which  places  tha  flash  about  3  miles  away.  However,  as  reported 
earlier,  tha  spatial  diffaranoa  in  successive  flashes  can  be  as  much  as  6 
miles.  Hoora,  at.  al.  (1982),  suggests  that  if  tha  flash~to-bang  technique  is 
usad  for  lightning  location,  at  ordnance  facilities,  tha  storm  should  be 
considered  in  tha  vicinity  whan  this  time  reaches  30  seconds  or  lass. 

Tha  flaab-to-bang  technique  has  soma  serious  limitations.  Oman  (1969) 
reports  a  case  where  thunder  was  not  audibla  from  a  storm  only  5  miles  away. 

If  tha  flash-to-bang  technique  is  usad,  it  is  imperative  that  the  responsible 
authority  also  know  the  speed  of  the  movement  of  the  storm  at  tha  time  it 
approaches  the  vicinity  of  the  facility.  This  speed  can  vary  greatly  from 
storm  to  storm,  averaging  10  to  45  miles  par  hour,  and  even  during  the  same 
storm.  Although  thunder  oan  ba  heard  from  as  much  as  15  miles  away,  the 
operations  carried  out  at  ordnance  testing  facilities  can  mask  this  thunder 
until  the  storm  is  already  "in  the  vicinity". 

Tha  flash-to-bang  technique  is  prone  to  false  alarms,  also.  Due  to 
irregularities  in  tha  velocity  and  direction  of  storm  movement,  it  is 
impossible  to  determine  whether  or  not  the  storm  will  pass  over  the  facility. 
This  technique  therefore  is  limited  to  applications  at  facilities  which  have 
few  thunderstorm  days  per  year  and  the  scheduling  of  operations  is  not 
critical . 

WEATHER  FORECASTS 


Local  radio  and  television  weather  forecasts  are  generated  with 
information  from  the  National  Weather  Service,  based  on  the  statistical 
analysis  of  many  meteorological  inputs.  These  forecasts  only  predict  the 
probability  of  a  thunderstorm  ooouring  during  the  day  in  the  given  forecast 
area.  This  does  not  mean  that  the  storm  will  pass  over  the  facility.  This 
method  is  unreliable  whan  usad  alone  due  to  the  axpansivenass  of  the  forecast 
area  and  the  laok  of  a  defined  time  when  the  storm  will  occur. 

NATIONAL  WEATHER  SERVICE 

In  addition  to  the  climatological  data  supplied  by  the  weather  service, 
weather  radar  is  often  usad  to  determine  the  location  of  thunderstorm 
activity.  Kasemir  (1976)  reported  that  it  is  probably  the  temperature  rather 
than  altitude  that  determines  the  onset  of  aleotrioifieation.  However,  the 
higher  the  altitude  a  cloud  reaches,  the  lower  the  temperature  becomes. 
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CHARGE  DISTRIBUTION  OF  TYPICAL  CLOUD 

CELL 


Figure 


EXAMPLE  OF  RECORDING  OF  AE  FIELD 
DETECTION  INSTRUMENT 


Figure  2  (courtesy  of  C.  B.  Moore 
New  Mexico  Institute  of  Mining  and  Technology) 


Cumulus  clouds  with  tops  below  16,000  feet  do  not  oontsln  electric  fields 
adequete  to  generate  oloud-to>ground  lightning.  When  these  cloud  altitudes 
reach  25,000  feet  or  more,  the  fields  in  the  cloud  reach  adequate  levels  to 
generate  breakdown. 

The  National  Weather  Service  radar  displays  can  accurately  identify  the 
precipitation  center  of  a  cloud  and  determine  from  the  density  and  altitude  of 
the  radar  reflection  whether  this  cloud  is  likely  to  contain  lightning 
activity.  However,  Burger  (1967)  cites  events  showing  that  detonation  of 
explosive  devices  can  occur  as  much  as  5  miles  from  the  precipitation  center 
of  a  storm.  In  addition,  the  radar  data  available  is  approximately  30  minutes 
old  before  it  is  released  and  the  position  of  the  storm  could  be  as  much  as  15 
to  20  miles  off  from  the  actual  location  by  the  time  the  information  is  used. 

ELECTRIC  FIELD  MEASUREMENT 


Under  fair  weather  conditions,  the  electric  field  at  the  surface  of  the 
earth  is  generally  4-100  V/m.  As  a  thunderstorm  begins  to  build,  the  electric 
field  gradient  starts  to  increase.  This  change  in  the  static  electric  field 
can  be  detected  and  then  used  to  determine  when  local  conditions  are  adequate 
for  lightning  to  occur. 

Changes  in  the  static  electric  field  can  signal  the  approach  of  a  storm. 
Figure  (1)  illustrates  the  charge  distribution  of  a  typical  thunder  cloud 
cell.  As  a  charged  cell  approaches,  the  fair  weather  field  becomes  masked  by 
the  positive  charge  in  the  top  of  the  cell,  increasing  the  amplitude  of  the 
electric  field  gradient.  As  the  cell  gets  closer,  the  negative  charge  at  the 
base  of  the  cell  becomes  more  prominant  and  the  electric  field  begins  to 
change  polarity.  As  the  cell  moves  directly  overhead,  the  electric  field 
reaches  its  maximum  negative  value.  Once  the  cell  passes  the  measuring  point 
the  field  again  reverses  polarity  and  finally  relaxes  to  its  fair-^weather 
value. 

FIELD  MILL 


The  "field  mill"  is  the  most  accurate  and  widely  used  device  to  measure 
the  static  atmospheric  electric  field.  It  measures  the  strength  and  polarity 
of  the  local  electric  field  by  having  it  alternately  charge  and  discharge  an 
electrode,  which  produces  an  alternating  current  whose  amplitude  is 
proportional  to  the  magnitude  of  the  external  electric  field.  The  information 
produced  by  the  field  mill  is  normally  output  on  a  strip>chart  recorder  to 
observe  the  onset  of  cloud  electrification  and  track  the  passage  of  a  storm. 

In  addition,  the  fast  response  time  of  the  field  mill  allows  it  to  detect 
the  electric  field  changes  produced  by  lightning.  Figure  (2)  shows  the  output 
of  a  field  mill  for  a  storm  recorded  by  C.  B.  Moore  on  7  August  1979.  The 
sharp  discontinuities  in  the  trace  are  due  to  lightning.  The  magnatude  of  the 
field  change  due  to  this  lightning  is  somewhat  proportional  to  the  distance 
from  the  discharge.  Host  field  mills  marketed  today  use  a  combination  of  the 
static  and  dynamic  electric  field  measurements  to  determine  whether  a  lighting 
hazard  exists. 
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Th«  field  nlll  oen  clearly  indicate  the  preaenuo  of  eleotrioally 
dlaturbed  traather  patterns,  but  It  has  limitations.  The  device  can  only 
measure  the  atmospheric  disturbances  for  the  area  immediately  overhead,  which 
can  limit  its  warning  time.  In  addition,  it  Is  easily  influenced  by  the 
presence  of  space  charge  due  to  corona  from  nearby  objects  which  can  mask  a 
much  larger  field  strength  aloft.  To  illustrate,  Kasenir  (1976)  has  detected 
lightning  discharges  when  the  surface  field  was  only  600  V/m  even  though  point 
ditcnarge  does  not  normally  occur  at  field  strengths  below  approximately 
3000  V/m.  Finally,  the  field  mill  is  a  sensitive  research  tool  that  is 
difficult  to  interpret  when  more  than  one  storm  cell  is  present,  requires 
maintenance  at  periodic  intervals,  is  sensitive  to  site  location,  and  a  go/no 
go  criteria  for  alarm  is  difficult  to  establish.  However,  used  in  an  array 
with  the  go/no  go  criteria  specified  in  NAVSEA  OP-5  (2000  V/m) ,  the  field  mill 
can  be  a  valuable  tool  for  a  safety  director  in  evaluating  the  development  of 
hatardous  conditions  due  to  lightning. 

CORONA  CUHREMT 


The  corona  current  detector  is  the  simplest  measuring  technique  that  can 
be  used  to  detenaine  the  onset  of  a  thunderstorm.  As  discussed  earlier, 
strong  e'ectric  fields  are  generated  in  thunderstorms,  however,  these  fields 
are  rarely  observed  to  reach  values  over  15  kV/m  over  land  surfaces.  This 
phenomenon  is  due  to  corona  discharges  that  occur  at  the  tips  of  trees, 
bushes,  towers,  and  other  sharp  objects  attached  to  the  earth.  The  space 
charge  generated  by  the  corona  creates  a  screening  layer  that  reduces  the 
magnitude  of  the  electric  field  at  the  ground.  Although  this  space  charge  can 
limit  the  effectiveness  of  a  field  mill  due  to  this  screening,  its  generation 
can  be  used  to  detect  potentially  hazardous  conditions. 

A  sharp  point  raised  some  height  above  a  ground  plane  (earth)  causes  an 
enhancement  of  the  atmospheric  electric  field  around  the  point.  This 
discharge  process  is  initiated  in  a  small  volume  of  air  close  to  the  tip.  As 
electrons,  are  accelerated  in  the  field,  collisions  with  gas  molecules  ionize 
these  gas  molecules  which  release  more  electrons.  This  process,  called 
electron  avalanche,  continues  until  a  corona  discharge  is  produced  to  decrease 
the  concentration  of  the  local  electric  field. 

The  value  of  the  corona  current  produced  by  the  point  depends  on  the 
strength  of  the  electric  field,  the  presence  of  other  points  in  the  area, 
height  of  the  point,  curvature  of  the  tip,  and  local  wind  speed.  Therefore, 
for  a  given  wind  speed,  the  corona  current  is  directly  proportional  to  the 
electric  field  strength. 

Although  simple  to  build  and  instrument,  the  corona  current  detector  has 
limitations.  The  wind  speed  is  very  Important  when  determing  warning  levels 
of  corona  current.  In  addition,  the  system  is  not  responsive  to  field 
strengths  of  less  than  approximately  1000  V/m,  resulting  in  little  advance 
warning . 

RAPIOACTIVE  PROBE 


Radioactive  probes  can  also  be  used  to  measure  the  atmospheric  electric 
field.  These  probes  can  be  designed  to  measure  either  corona  currents  or 
voltage  potentials;  although  all  devices  available  commercially  measure  only 
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the  voltage  potentials.  In  either  case,  the  radioactive  material  (polonium  or 
tritium)  Is  used  as  a  source  of  Ionization.  Though  their  response  time  Is 
slow,  the  probes  are  reliable  and  accurate. 

In  contrast  to  the  corona  current  detector,  the  radioactive  probe  Is  less 
reliable  In  calm  winds  than  In  strong  winds.  In  addition,  the  radioactive 
source  must  be  changed  about  once  a  year  to  maintain  adequate  sensitivity. 

SPHERICS 


A  sudden  change  in  current  flow  will  produce  an  electromagnetic  wave  that 
can  be  detected  from  a  considerable  distance.  The  waves  produced  by  lightning 
currents  are  capable  of  propagating  thousands  of  miles  even  though  the 
strength  of  the  signal  decreases  with  distance.  It  is  estimated  that  over  the 
surface  of  the  earth  there  are  approximately  100  flashes  every  second.  These 
waves  are  trapped  by  the  earth's  atmosphere  and  form  a  continuous  background 
of  crackling  noise  (static)  on  all  but  the  highest  frequency  bands.  These 
radiated  waves,  called  atmospherics  or  spherics,  can  be  detected  and  used  to 
determine  the  actual  location  of  the  lightning  discharge. 

FLASH  COUNTER 


The  flash  counter  is  a  narrow-band  receiver  designed  to  detect  the 
electromagnetic  wave  produced  by  lightning  or  the  electric  field  change  which 
results.  The  counter  detects  the  flash,  computes  its  range,  and  displays  the 
number  of  discharges  occur Ing  In  preselected  ranges.  The  most  popular  ranges 
used  are  100,  50,  25,  and  10  miles.  By  observing  the  number  of  discharges  per 
range,  one  can  determine  the  distance  of  the  storm  from  the  site. 

Counters  that  detect  the  radiated  wave  follow  the  relationship  that  the 
amplitude  decreases  linearly  with  distance.  These  counters  have  a  greater 
range  than  those  that  sense  electric  field  changes.  However,  the 
electrostatic  field  change  decreases  with  the  cube  of  the  distance,  resulting 
in  greater  accuracy  in  the  decreased  range. 

The  flash  counter  also  has  limitations.  The  range  information  Is  based 
on  the  theory  that  each  discharge  is  of  average  intensity,  although  Berger 
(1975)  and  others  indicate  these  values  can  vary  greatly  (7  to  10  dB  standard 
deviation).  In  addition,  nearby  intra-cloud  lightning  may  be  detected  as  a 
distant  earth  flash.  Although  the  counters  do  not  indicate  direction  of  storm 
movement,  the  device  can  O')  used  effectively  at  facilities  where  storms  do  not 
generally  build  overhead  and  the  mature  storms  moving  into  the  area  always 
come  from  the  same  direction. 

AZIMUTH/RAHGE  LOCATOR 


The  location  of  distant  lightning  by  using  two  crossed  loops  arranged  at 
right  angles  is  an  old,  well  established  technique.  The  system  responds  to  a 
narrow  band  in  the  VLF  frequency  range.  The  range  of  lightning  location  is 
determined  the  same  way  as  does  the  spherics  flash  counter.  To  determine 
.bearing,  the  ratio  of  signal  amplitudes  are  compared.  A  monopole  electric 
field  antenna  furnishes  polarity  information  to  eliminate  the  180°  ambiguity 
in  bearing.  The  resulting  location  is  generally  displayed  as  a  point  on  a 
CRT.  The  technique  is  relatively  simple  and  has  been  used  in  land-based 
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systems  and  in  aircraft.  Some  variations  of  this  technique  use  a  wide>band 
amplifier  tuned  to  somewhat  higher  frequencies  to  eliminate  some  problems 
caused  by  the  reradiation  of  the  magnetic  field. 

Although  the  conventional  crossed-loop  locator  has  an  effective  range  of 
up  to  200  kilometers  (km),  it  is  inaccurate  at  close  ranges.  Bearing  errors 
have  been  known  to  exceed  20°  at  ranges  of  less  than  150  km  due  primarily  to 
the  horizontal  components  of  the  electromagnetic  wave  and  reradiation  of  the 
wave  by  metallic  bodies,  buried  conductors,  or  the  ionosphere.  Krlder,  et. 
al.  (1976)  devised  a  wideband  system  that  samples  the  magnetic  field  at  its 
peak,  where  the  lightning  channel  is  most  vertical.  However,  this  system  is 
still  subject  to  bearing  errors  due  to  the  reradiatlon  of  the  wave  which  can 
be  a  problem  at  military  facilities  where  security  fences  are  used 
extensively. 

CBOSSED-LOOF  TRIAWGULATION 


The  accuracy  of  a  crossed-loop  location  system  can  be  en!'.anced  greatly  by 
using  three  or  more  antennas  to  locate  the  sane  flash.  Figure  (3)  is  a  block 
diagram  of  a  typical  triangulation  network.  The  range  and  bearing  information 
from  each  of  the  antennas  is  fed  to  a  central  computer  where  the  data  is 
analyzed  statistically  and  the  ground  strike  location  is  determined  and 
plotted  on  a  CRT. 

Lightning  Location  and  Protection  Inc.,  the  manufacturer  of  the 
crossed-loop  triangulation  system,  has  developed  software  to  try  to  reduce  the 
effect  of  the  reradiated  waves.  The  system  is  used  operationally  by  the 
Bureau  of  Land  Management  and  several  utility  companies,  and  is  also  used  as  a 
research  tool  by  many  studying  key  lightning  parameters. 

The  major  disadvantages  to  this  type  of  system  is  the  cost  and  the 
criticality  of  antenna  site  selection.  The  optimum  site  for  an  antenna  would 
be  in  a  large  field  with  no  buried  conductors  or  metallic  objects  nearby. 

Sites  such  as  this  are  not  common  at  most  military  facilities.  However, 
triangulation  networks  now  cover  a  large  portion  of  the  United  States  arid  in 
these  areas  use  of  the  system  could  be  economical. 

TIME-OF-ARRIVAL  TRIANGULATION 


The  time-of-ar rival  (TOA)  triangulation  network  is  identical  to  the 
crossed-loop  network  with  the  exception  of  the  detection  method  used.  In  a 
TOA  network,  each  antenna  detects  the  spherics  wave  and  labels  the  time  the 
wave  was  received.  The  information  from  each  antenna  is  transferred  to  the 
central  computer  where  it  is  analyzed  and  plotted.  The  system  operates  in  the 
VHF  frequency  band  and  is  not  affected  by  reradiated  waves.  Pierce  (1977) 
states  that  this  is  a  very  powerful  technique,  but  it  has  not  been  practical 
to  implement  in  the  past.  Today's  technology  in  electronics  now  allows  the 
precise  timing  of  the  received  signal  and  therefore  very  accurate  lightning 
location  over  a  large  area.  The  major  limitation  of  this  system  to  date  is 
that  it  is  not  a  proven  system  as  is  the  crossed-loop  system,  but  preliminary 
evaluations  show  it  to  be  promising.  In  addition,  antennas  tor  the  TOA 
network  are  not  site  sensitive,  which  may  be  important  at  military  facilities. 


BLOCK  DIAGRAM  OF  TRIANGULATION 
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III.  EVALUATION  OF  TECHNIQUES 


The  Bureau  of  Mines  sponsored  an  evaluation  of  six  lightning  warning 
devices  during  the  sunner  of  1979  because  of  their  oonoern  in  using  detonators 
in  blasting  operations.  The  results  of  the  study  were  reported  by  Johnson, 
et.  al.,  in  the  May  1982  Journal  of  Applied  Meteorology.  These  results  are 
suouDarized  in  tables  1  and  2. 

Data  were  gathered  from  three  locations  which  have  different  types  of 
characteristic  storms.  As  shown  in  these  tables,  the  triangulation  locator 
exhibited  the  beat  overall  performance,  although  it  is  the  most  expensive  to 
operate.  In  addition,  the  radioactive  probe  and  field  mill  consistently  gave 
20  minutes  or  greater  warnings,  but  both  had  high  failure-to-alarm  rates.  In 
sunmary,  no  system  was  found  to  be  ideal  in  all  oetegories.  A  decision  on  the 
type  of  system  required  by  a  facility  should  be  based  on  a  tradeoff  of  the 
characteristics  which  are  most  Important  to  the  operations  being  conducted  at 
the  facility  and  the  systems  ability  to  meet  these  criteria. 
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TABLE  1 


CONVECTION  TYPE  MOUNTAINOUS  TYPE 
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IV 


3UMMARY/CQNCLUS10NS 


In  sunmary,  tha  major  lightning  dateotlon  ttohnlquaa  hava  baan  raviawad 
and  thalr  raapaotlva  llmltationa  dlaouaaad.  No  alngla  ayatam  or  atngla 
taohnlqua  haa  baan  found  that  oan  raliably  dataot  a  matura  atorm  moving  into 
tha  araa  and  a  atorm  that  may  ba  building  dlraotly  ovarhaad.  Tha  fiald  mill 
and  radioaotiva  proba  wara  found  to  hava  proniaa,  but  vrara  not  lOOf  rallabla. 
Although  axpanaiva  to  purohaaa  and  oparata,  tha  traingulation  looator  la  tha 
moat  aophiatioatad  taohnlqua  availabla,  but  oannot  dataot  atorma  building 
dlraotly  ovarhaad. 

Tha  optimum  solution  to  tha  advanoa  warning  of  potential  lightning 
hazarda  aaama  to  ba  a  combination  of  taohnlquaa  baaad  on  apharioa  detaotlon 
and  tha  alaotrlo  field  maaauramant.  Tha  aalaotlon  of  equipment  should  ba 
based  on  aotual  detaotlon  raqulramants,  frequency  of  lightning  aotivity, 
aohadullng  orltloallty,  and  cost.  At  this  time,  It  appaara  that  tha  most 
rallabla  oombination  availabla  would  ba  a  triangulation  network  for  long  range 
detection  and  tracking  of  matura  storms,  with  a  fiald  mill  array  to  dataot  tha 
development  of  dangerous  fields  building  directly  overhead. 
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ABSTRACT 

Double-base  propellant  is  heated  to  ease  extrusion  by  utilizing  the 
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DIELECTRIC  RADIO-FREQUENCY  HEATING  OF  PROPELLANTS 
by  Melvin  C.  Hudson 


Double-base  propellants  are  extruded  to  form  rocket  motor  grains.  Hydraulic 
presses  and  dies  are  utilized  and  the  process  Is  well  documented.  To  ease  extru¬ 
sion,  the  propellant  Is  softened  by  heating,  normally  to  130-140°F.  Heating  Is 
accomplished  basically  In  two  ways;  oven  heating  or  radio- frequency  heating 
utilizing  the  dielectric  properties  of  the  propellant.  Problems  encountered  and 
Information  developed  while  utilizing  dielectric  heating  at  the  Naval  Ordnance 
Station  are  summarized  In  this  discussion. 


To  assure  understanding,  a  brief  familiarization  with  the  double  base  propel¬ 
lant  process  Is  In  order.  In  this  process,  the  Ingredients,  nitrocellulose,  nitro¬ 
glycerin,  plasticizers  and  burning  rate  modifiers  are  mixed  together  In  a  water 
damp  paste.  This  paste  Is  put  through  heated  rollers  to  drive  off  the  water  and 
give  desired  physical  properties.  The  product  of  these  rolling  mills  Is  a  sheet, 
nominally  0.080  Inch  thick.  These  sheets  are  cut  Into  strips  4  inches  wide  which 
are  rolled  into  right  circular  cylinders  called  carpet  rolls  (nominally  15  Inch 
diameter).  The  carpet  rolls  are  heated  and  placed  In  the  extrusion  press  for 
forming  the  propellant  Into  rocket  motor  grains.  The  two  principal  means  of 
heating  the  propellant  carpet  rolls  are  thermal  ovens  and  dielectric  heaters. 


The  thermal  method  of  heating  requires  the  carpet  rolls  be  placed  in  an  oven 
and  allowed  to  come  to  a  unifonn  temperature  throughout.  Because  the  carpet  roll 
Is  fairly  thick,  a  considerable  period  of  time  Is  required  to  attain  desired  tem¬ 
perature  In  the  center.  Also  the  thermal  oven  must  be  set  near  the  final  temper¬ 
ature  desired  for  the  propellant  and  this  reduces  thermal  force  and  results  in 
long  heating  periods.  For  these  reasons,  the  thermal  ovens  are  known  as  "soaking" 
ovens.  Problems  associated  with  soaking  ovens  are  the  Investment  in  ovens  re¬ 
quired  to  support  even  a  modest  production  capability  and  the  effects  of  extended 
thermal  soaking  on  the  propellant.  Of  the  latter,  the  major  effects  are  volatili¬ 
zation  of  plasticizer  and  hardening  of  the  propellant.  Consequences  are  process 
and  quality  problems  In  the  extrusion  of  carpet  rolls  to  form  propellant  grains. 


The  second  method  of  heating,  that  Is  dielectric  heating,  applies  a  high  or 
radio-frequency  electric  field  to  carpet  rolls  situated  as  the  dielectric  In  a 
parallel  plate  capacitor  as  shown  In  Figure  1.  This  Is  basically  a  resonant 
capacitive- Inductive  circuit.  The  electric  field  takes  effect  throughout  the 
propellant  thus  eliminating  thermal  diffusivlty  as  a  factor.  Heating  time  Is 
reduced  from'-24  hours  for  soaking  ovens  to  *^20  minutes. 


The  phenomena  involved  In  dielectric  heating  can  be  simplified  to  the  follow¬ 
ing  concepts:'^' 

a.  The  electric  field  potential  gradient  causes  distortion  and  orientation 
of  atoms  and  molecules  by  displacement  of  electrons  with  respect  to  the  nucleus; 

b.  Both  polar  and  non-polar  molecules  are  affected; 
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c.  The  effect  of  the  displacement  is  to  reduce  the  field  gradient  within 
the  dielectric  material. 

These  concepts  are  illustrated  in  Figures  2  and  3. 


To  digress  a  bit,  note  that  both  metallic  conductors  and  dielectric  or  non¬ 
conductors  can  be  heated  by  radio- frequency  fields.  The  phenomena  involved  are 
different  but  pertinent  to  some  of  the  events  to  be  discussed.  In  heating  con¬ 
ductive  (metallic)  materials,  the  imposed  electric  field  induces  motion  of  free 
electrons.  Resistance  to  their  motion  by  the  atomic  matrix  results  in  heat  *2 
generation.  This  is  known  as  inductive  heating  and  has  extensive  application. 
Suffice  for  this  discussion  to  visualize  conditions  occurring  within  a  conductor 
located  in  an  electric  field;  the  free  electrons  concentrate  at  extremities  and 
negate  the  field  within. the  conductor  thus  creating  concentrated  charges  and  high 
electrical  potentials. 


Returning  to  dielectric  materials  which  have  few  free  electrons,  the  distor¬ 
tion  and  displacement  of  atomic  and  molecular  charges  and  resistance  of  the 
material  matrix  to  orientation  generates  heat.  As  these  phenomena  occur  through¬ 
out  the  material,  heating  does  also.. 


An  aid  to  visualizing  the  properties  of  the  material  in  an  electric  field  is 
to  determine  an  equivalent  circuit  for  the  material.  The  basic  circuit  illus¬ 
trated  by  Figure  4  shows  that  if  a  field  is  applied  across  a  cube  of  material, 
the  admittance  (reciprocal  of  impedance)  has  both  a  capacitive  or  susceptive 
component  and  a  conductive  component.  The  conductive/resistance  component  is 
representative  of  metallic  response;  susceptive/capacitive  component  is  repre¬ 
sentative  of  dielectric  response  to  imposed  fields.  Note  that  when  high  fre¬ 
quency  changes  are  made  in  the  field,  the  molecules  and  electrons  do  not  have 
time  to  achieve  equilibrium  with  the  field.  This  creates  conditions  such  as 
anomalous  dielectric  dispersion. (3) 


The  admittance  of  RF  electrical  energy  into  a  material  equivalent  circuit 
can  only  be  described  in  mathematical  terms  by  complex  number  notation. ^2H3)(4) 
This  notation  utilizes  real  and  imaginary  components.  Application  includes 
real  and  imaginary  terms  in  the  power  factor,  a  concept  involved  in  supplying 
energy  to  a  dielectric  in  a  resonant  capacitive-inductive  circuit  and  in  other 
alternating  current  electrical  circuits.  In  vector  notation,  the  angle  between 
vectors  representing  capacitor  charging  current  and  total  current  is  the  loss 
angle.  The  loss  tangent  or  dissipation  factor  is  the  ratio  of  loss  current  to 
charging  current. 


The  proceeding  remarks  were  intended  to  give  a  brief  familiarization  with 
the  nomenclature  of  extruded  double-base  propellant  processing,  RF  heating, 
and  dielectric  material  phenomena.  More  detailed  discussion  can  be  found  in 
references  1  thru  4  and  any  good  text  on  high  frequency  electrical  circuits. 
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There  are  various  conditions  inherent  in  dielectric  heating  which  should  be 
mentioned.  Some  that  are  important  but  not  well  characterized  are  changes  which 
occur  in  the  materials  conductivity,  dielectric  constantand  power  factor  or  loss 
tangent  as  the  frequency  and  material  temperature  vary.  For  example,  as  the 
material  heats  up,  its  electrical  parameters  change  which  cause  change  in  the 
resonant  frequency  of  the  circuit.  The  dielectric  constant,  power  factor  and 
conductivity  all  vary  with  frequency.  Also,  it  is  important  to  note  that  a 
general  property  of  dielectrics  is  for  the  imaginary  part  of  the  dielectric 
constant  to  increase  with  temperature.  These  interactions  can  lead  to  proper¬ 
ties  changes  causing  frequency  shift  toward  better  coupling  and  greater  energy 
absorption  by  the  dielectric.  Sometimes  these  can  cause  problems  in  controlling 
heating  of  propellant. 


Another  condition  which  occurs  is  creation  of  standing  waves,  i.e.,  non- 
uniform  voltage  distribution.  This  is  a  function  of  electrode  dimensions  and 
wave  length.  Standing  waves  can  be  tuned  out,  however,  they  and  the  material 
characteristics  previously  mentioned  can  generate  significant  potential  gradi¬ 
ents  within  the  material. 


At  Naval  Ordnance  Station,  Indian  Head,  RF  dielectric  heaters  have  been  uti¬ 
lized  for  heating  propellant  carpet  rolls.  The  propellant  enters  the  circuit 
as  the  dielectric  in  a  parallel  plate  capacitor  arrangement  as  illustrated  in 
Figure  IB.  Note  that  Figure  lA  shows  insulating  rubber  pads  which  separate  the 
propellant  from  all  metal  surfaces.  This  eliminates  direct  application  of  high 
electrical  potential  from  a  conductor  to  the  propellant.  The  pads  are  of  low- 
loss  dielectric  material. 


During  the  period  1950  to  1973,  ten  fires  had  occurred  in  the  high  fre¬ 
quency  heaters.  In  most  of  these,  foreign  material  or  defects  in  the  insulat¬ 
ing  cover  of  the  electrode  plates  were  considered  as  the  most  likely  cause. 

For  example,  a  metal  stem  thermometer  for  determining  propellant  temperature, 
if  left  in  the  carpet  rolls  during  heating,  can  cause  localized  heating.  The 
metal  conducts  in  the  applied  electric  field  and  concentrates  the  field  at 
edges  and  points.  This  concentrated  field  causes  localized  heating  in  the 
propellant  and  could  result  in  an  arc.  As  these  would  occur  within  the  carpet 
roll  where  the  thermometer  is  utilized,  ignition  is  a  possiblity.  Other  pos¬ 
sible  causes  are  water  which  is  a  highly  polar  molecule  that  may  lead  to  loca¬ 
lized  concentrated  fields  and  corona  and  arc  discharge  from  various  parts  of 
the  heater.  Minor  amounts  of  water  are  considered  likely  to  evaporate  before 
ignition  temperature  is  attained.  Corona  discharge  and  arcs  have  been  observed 
however  they  consistently  are  located  on  parts  of  the  heater  remote  from  the 
propellant. 


In  1973,  and  early  1974,  a  series  of  five  fires  occurred  with  one  particu¬ 
lar  propellant.  As  the  investigations  progressed  from  one  fire  to  another, 
the  obvious  foreign  item  causes  were  ruled  out.  This  led  to  the  conclusion 
that  the  ignition  cause  was  involved  in  heater  operation  and  propellant  proper- 
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ties.  Following  paragraphs  discuss  items  considered  and  action  taken  without 
regard  to  chronology  except  that  intensive  effort  was  initated  after  the  fourth 
fire  and  the  fifth  fire  occurred  during  this  time. 


Note  that  this  was  the  first  aluminized  propellant  subjected  to  dielectric 
heating.  Limited  tests  had  indicated  that  aluminized  propellant  could  be 
heated  safely.  Over  1  1/4  million  pounds  had  been  heated  prior  to  the  first 
fire  so  aluminum  can  not  be  considered  the  sole  cause  of  ignitions.  X-ray 
examination  of  carpet  rolls  from  the  lot  involved  in  the  last  fire  showed 
areas  <^1/16  inch  diameter  with  Increased  attenuation.  Visual  examination 
did  not  reveal  any  cause  for  the  attenuation  and  the  propellant  was  subsequently 
dielectrically  heated  and  extruded  without  incident. 


The  possibility  that  corona  discharge  or  arc  discharge  was  the  ignition 
source  was  considered.  Operating  personnel  had  occassional ly  observed  corona 
discharge  during  normal  operation  of  the  heaters.  However,  the  corona  was 
always  observed  on  parts  of  the  heater  some  distance  from  the  propellant.  One 
function  of  the  insulating  pads  is  to  smooth  the  interface  between  propellant 
and  electrodes  and  eliminate  sharp  points  which  are  likely  sources  of  discharge. 
Also,  tests  indicated  the  propellant  in  question  would  withstand  current  densi¬ 
ties  substantially  in  excess  of  typical  corona  discharge  for  a  time  longer  than 
the  cycle  time  of  the  heater.  Hence  corona  discharge  was  considered  an  unlikely 
cause  but  the  sharp  edges  of  conductors  were  blunted  to  eliminate  high  field 
potential  points  that  cause  discharge. 


Arc  discharges  were  considered  a  less  probable  cause  than  corona  as  none 
had  been  seen  or  heard  and  plate  current  meters  had  not  indicated  erratic 
fluctuations  typical  of  arc  discharges.  Tests  indicated  arc  discharge  current 
density  was  capable  of  igniting  the  propellant.  Regardless,  the  absence  of 
evidence  of  arc  discharge  under  any  condition  of  heater  operation  led  to  the 
conclusion  that  they  were  not  the  cause  of  the  fires. 


Foreign  material  in  the  propellant  or  facility  was  considered.  Metallic 
foreign  material  discussed  previously  in  regard  to  fires  prior  to  1973,  was 
ruled  out  for  lack  of  evidence.  Also,  experienced  operators  were  in  charge 
and  thoroughly  inspecting  for  foreign  material.  Dielectric  foreign  material 
was  determined  unlikely  after  determining  the  dielectric  constant  of  the  pro¬ 
pellant  as  few  materials  have  a  constant  with  an  imaginary  part  which  exceeds 
that  of  the  propellant.  Ordinary  water  is  one  but  was  ruled  out  as  known  not 
to  be  present  in  most  of  the  fires.  In  any  case,  minor  amounts  of  water  would 
tend  to  vaporize  before  ignition  temperature  is  reached. 


Possible  erratic  problems  with  the  heater  operations  were  considered.  Manu¬ 
facturer  service  personnel  inspected  the  equipment  following  one  of  the  fires. 

In  this  effort,  the  RF  voltage  sensor  was  relocated  from  the  power  supply  to 
the  heater  plates  in  order  to  measure  the  voltage  impressed  across  the  propellant. 
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Parallel  measurements  across  the  propellant  and  the  generator  output  were  taken 
during  the  change.  As  expected,  the  voltage  across  the  capacitor  (heater  plates) 
in  the  resonant  inductive-capacitive  series  circuit  was  higher  than  the  voltage 
across  the  total  circuit  measured  at  the  generator  output.  Based  on  these 
limited  results,  the  voltage  across  the  propellant  was  reduced  by  retuning  the 
RF  generator.  Output  voltage  was  reduced  from  4-5  kilovolt  to  1.5-2  kilovolts. 


During  the  investigation  following  the  fifth  fire,  operators  mentioned  that 
the  plate  current  meter  readings  were  always  higher  with  the  aluminized  propel¬ 
lant.  Also,  there  had  been  a  gradual  increase  in  heating  rates  in  the  interval 
between  fires.  Periodically  control  adjustments  had  been  made  to  keep  within 
the  3  l/2°F/munute  heat  rate.  A  specific  cause  of  the  increase  in  heating  rates 
was  not  determined.  Two  possibilities  are  a  gradual  change  in  propellant  pro¬ 
perties  or  drifting  of  the  heater  electronics.  The  first  might  explain  the  on¬ 
set  of  fires  after  more  than  a  million  pounds  of  incident  free  operations.  The 
second,  drifting  of  heater  electronics,  had  not  been  a  detectable  phenomena  in 
prior  operations  with  any  propellant.  Drifting  may  have  occurred  by  some  subtle 
feedback  mechanism.  This  conjecture  is  based  on  the  subsequent  finding  that 
the  heaters  having  fires  were  tuned  such  that  as  the  propellant  heated,  the 
change  in  dielectric  properties  caused  the  RF  generator  frequency  to  shift  to¬ 
ward  better  resonant  coupling.  This  produces  higher  voltage  across  the  propel¬ 
lant  which  in  turn  causes  higher  heating  rates,  a  feedback  situation.  If  there 
was  initially  any  localized  inhomogenity  in  the  propellant  in  either  temperature 
or  dielectric  properties,  the  feedback  could  result  in  a  localized  thermal  run¬ 
away  situation.  The  higher  the  temperature  in  the  inhomogeneous  element,  the 
faster  it  heats.  If  the  localized  heating  rate  exceeds  the  thermal  diffusivity 
then  ignition  temperature  can  be  reached.  Unfortunately,  no  localized  inhomo- 
genities  could  be  found  though  this  was  not  considered  as  confirming  their 
absence. 


Eventually,  the  dielectric  properties  of  the  aluminized  propellant  NOSIH- 
AA-6,  were  hypothesized  to  be  directly  involved  in  causing  fires.  An  investiga¬ 
tion  of  these  properties  was  made  in  comparison  to  N-5  propellant  which  had 
extensive  history  without  fires.  Tests  were  also  made  on  a  "non-hazardous" 
dummy  propellant  of  nitrocellulose,  dibutyl  phthalate  and  aluminum  that  is 
sometimes  used  to  check  extrusion  processing.  Results  were  that  the  real  part 
of  the  dielectric  constants  of  AA-6  and  N-5  were  about  the  same  (approximately 
10).  As  hypothesized,  AA-6  showed  an  imaginary  part  of  the  dielectric  constant 
about  twice  that  of  N-5.  The  dummy  propellant  had  a  real  dielectric  constant 
lower  than  N-5  or  AA-6  but  the  imaginary  part  greater  than  that  of  AA-6.  (This 
dumniy  propellant  should  not  be  used  to  check  out  dielectric  heaters  as  it  will 
burn.)  As  the  power  factor  or  energy  absorption  is  directly  proportional  to 
the  imaginary  part  of  the  dielectric  constant,  it  follows  that  AA-6  heats 
faster  than  N-5  for  the  same  heater  conditions. 


To  confirm  the  laboratory  findings,  full-scale  tests  were  made.  These 
measured  the  dielectric  properties  of  N-5  and  AA-6  as  normally  loaded  into  the 
heaters.  Low  power  lab  equipment  was  connected  in  place  of  the  RF  power  gene- 
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rator  to  preclude  actual  heating  of  the  propellant.  The  measurements  were  not 
entirely  reliable  because  of  poorly  known  transmission  line  effects,  however, 
it  was  apparent  that  AA-6  had  a  significantly  higher  imaginary  dielectric  con¬ 
stant.  These  tests  gave  a  rough  Indication  of  change  in  dielectric  properties 
as  a  funrtion  of  frequency.  Also,  by  using  propellant  conditioned  to  different 
temperatures,  frequency  variation  with  temperature  was  briefly  studied. 


Measurements  were  made  of  the  tuning  of  each  of  the  three  operational 
heaters.  The  oven  which  had  not  experienced  any  fire  with  the  AA-6  propellant 
was  found  to  be  tuned  somewhat  differently  from  the  others  but  no  firm  conclu¬ 
sion  could  be  established  as  that  oven  was  seldom  utilized  for  AA-6  propellant 
processing. 


All  of  the  evidence  indicated  that  the  problem  had  been  outliried  sufficiently 
to  attempt  a  solution.  The  obvious  approach  was  to  change  the  RF  generator  tun¬ 
ing  so  that  the  heating  rate  was  less.  Initially,  it  was  planned  to  achieve 
this  by  tuning  such  that  the  changing  properties  of  the  propellant  would  pull 
the  load  circuit  away  from  resonance  with  the  generator  as  the  propellant  tem¬ 
perature  increased.  After  other  adjustments,  this  detuning  was  achi'  vec!. 


Lowering  of  the  he.,  ing  rate  was  attained  in  trials  but  not  as  much  as 
desired  for  safe  operation.  Adjustment  of  the  normal  controls  made  little  pro¬ 
gress  toward  lowering  the  heating  rate.  A  study  of  the  generator  circuit  de¬ 
termined  that  changing  the  tap  on  the  output  RF  transformer  was  a  modification 
that  would  allow  improved  control  range.  The  tap  was  changed  to  a  lower  posi¬ 
tion  with  respect  to  ground  which  had  the  effect  of  lowering  power  input  to  the 
load.  Controls  then  functioned  normally  to  adjust  the  heating  rate  to  3.50F/ 
minute  with  AA-6  propellant.  Rate  with  other  propellants  was  lower. 


As  the  fires  had  occurred  early  in  the  heating  cycle,  it  was  considered 
that  initial  propellant  temperature  condition  was  a  factor.  To  even  out  any  in- 
homogenities,  a  split  heating  cycle  was  utilized.  This  cycle  applied  heat, 
then  a  rest  period  of  a  few  minutes  before  heating  again.  This  inefficient 
technique  was  no  longer  required  after  the  heaters  were  improved  by  the  addition 
of  automatic  load  controls. 


With  the  heating  rate  dependent  on  propellant  properties,  control  settings 
had  to  be  changed  with  each  propellant.  This  was  achieved  by  manually  relocat 
ing  (by  cranking  mechanism)  the  output  tap  on  the  plate  current  load  coil. 

Note  must  be  made  that  for  all  propellants,  the  plate  current  and  consequently 
the  heating  rate  changed  as  the  powder  temperature  changed.  With  the  ovens 
tuned  to  decrease  coupling  as  the  propellant  temperature  Increased,  the  plate 
current  and  heating  rate  decrease  with  time  in  the  heating  cycle. 


This  discontinuous  and  decreasing  rate  heating  cycle  and  need  for  changing 
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control  settings  for  different  propellants  adversely  affected  operations.  There¬ 
fore,  efforts  were  mad’  to  determine  modifications  to  equipment  that  would  return 
to  continuous  heating  cycles  without  causing  fires.  This  was  accomplished  by 
noting  that  the  plate  current  load  coil,  normally  set  at  a  point  by  manually 
cranking,  was  amenable  to  controlled  positioning.  Coupling  this  positioning 
with  the  tuning  to  pull  the  generator  away  from  resonance  as  the  propellant  heats 
up  appeared  to  provide  a  means  for  safe  and  efficient  operation.  To  understand 
this,  it  had  to  be  noted  that  for  fixed  control  settings  the  initial  heating  rate 
would  be  near  the  maximum  of  3.5°F/min  and  would  dectease  with  cycle  time  and  in¬ 
crease  in  propellant  temperature  to  -•2°F/min  at  cycle  end. 


Automatic  load  controls  were  installed  which  controlled  heating  rate  by 
changing  the  position  of  the  plate  current  load  coil  output  tap.  The  controls 
were  programmed  to  automatically  position  the  tap  at  the  low  current  control 
set  point  at  the  end  of  each  cycle.  This  was  intended  to  assure  that  initial 
heating  of  each  propellant  charge  was  at  low  power  thus  reducing  the  effects 
of  any  inhoinogenities  and  reducing  chances  for  ignition  which  normally  occurs 
early  in  the  heating  cycle.  As  the  propellant  heats  up  and  internal  conditions 
become  uniform,  the  controls  change  tap  position  to  increase  plate  current  to 
a  set  level  and  thus  apply  more  power  to  the  propellant.  Since  the  heaters  are 
tuned  to  pull  away  from  resonance  as  the  propellant  increases  in  temperature, 
balancing  plate  current  increase/maintenance  to  set  point  against  resonance  de¬ 
tuning  allows  achieving  a  uniform  heating  rate  through  the  cycle.  It  was  found 
that  with  these  controls,  maximum  heating  rate  could  be  reduced  within  the  time 
alloted  for  heating.  This  was  considered  an  improvement  in  safety. 


Because  there  are  individual  system  differences,  each  of  the  three  heaters 
was  characterized  for  plate  current  versus  heating  rate.  The  automatic  load 
controllers  were  adjusted  to  start  at  a  minimum  setting  below  the  operating 
level.  As  the  cycl  plai.c  current  output  coil  tap  is  automatically 

repositioned  to  incr'  »  nt  to  attain  and  maintain  the  operating  level. 

The  improved  heaters  have  b  -k  operated  without  ?  fir..  :'ince  1974, 


There  still  remains  one  unanswered  question,  what  change  occu» '^eu  to  trigger 
a  series  of  fires  after  initially  processing  1  1/4  million  pounds  wiihout  inci¬ 
dent.  Admittedly,  data  generated  in  the  investigations  revealed  that  operation 
with  AA-6  must  have  been  closer  to  ignition  conditions  than  is  the  case  with 
prior  propellants  processed. 


Furthermore,  the  fact  that  two  heaters  were  involved  in  fires  would  indicate 
that  drifting  of  the  RF  generator  and  circuits  was  not  the  sole  cause.  Dupli¬ 
cate  failure  modes  in  two  separate  systems  at  nearly  the  same  time  is  a  low  prob¬ 
ability  occurrence.  This  heater  drift  rationale  has  one  weakness,  and  that  is 
maintenance  and  adjustment,  which,  consistently  performed  in  one  direction  on 
both  heaters,  may  have  eventually  shifted  them  from  no-fire  to  fire  condition. 
This  could  r,ot  be  determined  and  is  thought  unlikely  based  on  operating  and 
maintenance  records  and  personnel  memories. 


Subsequent  to  the  lest  fire,  another  aluminized  propellant  (2  1/2  A1)  has 
been  processed  successfully  although  it  is  probably  more  sensitive  than  AA-6 
to  the  power  loading  rate.  This  conjuncture  is  based  on  limited  observation 
of  the  plate  current  when  heating  cycles  begin  for  the  two  different  propel¬ 
lants. 


Only  one  item  is  left,  the  propellant.  Some  subtle  change  in  propellant 
ingredient  or  processing  changed  the  dielectric  properties.  Conjecture  would 
be  that  the  change  was  in  the  plasticizers  as  they  generally  have  greater 
dielectric  properties  change  with  frequency  and  temperature  than  the  other 
materials.  This  is  supported  by  the  observation  that  the  second  aluminized 
propellant  with  half  the  aluminum  content  of  AA-6  appears  more  sensitive  and 
has  a  higher  plasticizer  content.  (Note  that  Nitroglycerin,  a  major  ingre¬ 
dient  has  a  real  dielectric  constant  of  19. The  same  difference  would 
tend  to  rule  against  aluminum  as  the  culprit.  Although  processing  resulting 
in  concentrations  of  aluminum  could  result  in  a  tendency  toward  fires,  it  is 
more  likely  that  aluminum  (less  than  5%)  is  an  accomplice  rather  than  the 
culprit.  Further  studies  of  the  dielectric  nature  of  propellants  would  be 
interesting  but  not  necessary  items  and  are  not  planned  as  current  operations 
are  satisfactory. 
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FIGURE  lA.  DIELECTRIC  OVEN 
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nCURE  IB.  EQUIVALENT  CIRCUIT  OF  RF  DIELECTRIC  HEATER- 
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WITH  ELECTRIC  FIELD 


FIGURE  2A.  BEHAVIOR  OF  NONPOLAR  MOLECULES  IN 
THE  ABSENCE  AND  IN  THE  PRESENCE  OF  AN  ELECTRIC  FIELD 
(From  Seurtt  -  University  Physics) 
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WITH  KLECTHIC  FIELD 


FIGURE  2B.  BEHAVIOR  OF  POLAR  MOLECULES  IN 
THE  ABSENCE  AND  IN  THE  PRESENCE  OF  AN  ELECTRIC  FIELD 
(From  Sears  -  University  Physics) 


FIGURE  3.  (a)  ELECTRIC  FIELD  BETWEEN  TWO  CHARGED  PLATES, 
(b)  INTRODUCTION  OF  A  DIELECTRIC,  (c)  INDUCED  SURFACE 
CHARGES  AND  THEIR  HELD,  (d)  RESULTANT  FIELD  WHEN  A 
DIELECTRIC  IS  BETWEEN  CHARGED  PLATES. 

(From  Sears  —  University  Physics) 


FIGURE  4A.  EQUIVALENT  aRCUIT  FOR 
A  CUBE  OF  MATERIAL 
(From  Brown,  Radiofrequency  Heating) 


FIGURE  4B.  ADMITTANCE  DIAGRAM  OF 
A  COMPLEX  CAPACITOR 
(From  Brown  -  Radiofrequency  Heating) 
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SAFETY  OP  HIOH  BXPL03TVSS  COMMINUTION  PROCBSSaS 


V  >■ 


R  Applin 

AWRB  ALDERMASTOK 


i 

\ 


1.  IMTRODUCnOK 

Many  propartiea  of  explosivtos  are  influenced  Toy  the  particle 
size  of  the  explosivet  eg:. 

(a)  Consolidation  characteristics  of  pressable,  castable 
and  extfudable  HE  systems. 

(b)  Rheologrical  and  mechemioal  properties. 

(c)  Hazard  potential  of  both  powders  and  consolidated 
compacts. 

(d)  Initiation  and  propagation  properties. 


UK  military  explosives  are  supplied  from  the  Royal  Ordnance 
Factories  in  a  restricted  numbor  of  grades,  therefore,  AWRE  is  involved  in 
comminution  of  secondary  high  explosives  in  order  to 


(a) 


(b) 


V 


to  do  necessary  research  on  the  effects  of  particle 
size  on  various  pi'operties,  and 

based  on  that  research,  to  tailor  explosives  to 
meet  particular  requirements. 


t  The  explosives  which  are  of  interest  include  HMX,  RDX,  TATB, 

NQ,  TNT,  PETN  aijd  HNS  and  mixtures  of  these  materials.  These  explosives 
are  subjected  to  a  variety  of  milling  processes  on  the  experimental  and 
pilot  plant  scale*  The  quantities  involved  range  from  1  or  2  kg  to 
several  hundred  Kg^ 

arlous  methods  of  comminution  are  in  use^ 


^pfaidou 


\a) 
/<b) 

^(ey; 


end-runngp-jnilling  (a  msol^nj^l  pestle  and  mortar^ 
ballnmilling 

colloid  or  ^getejaUling  J 
slurry  or  attrition  milling 
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(.) 


fluid-energy  milling*^ 

preolpltatT(3n  frOBT  odlvSnt  oombined  with 
fluid-energy  milling^ 


This  paper  will  outline  the  methods  of  cimminution  used  at 
AWRS  and  then  deal  in  more  detail  with  how  a  number  of  safety  problems  have 
been  dealt  with.. 

/^^ 

2 .  cannuoTioN  methods 


2.1  All  comminution  operations  on  explosives  at  AWRS  are  carried 

out  under  remote  control.  Precipitation  methods  where  no  milling  is 
involved  are  carried  out  under  close  control. 


2.2  End-Runner  Milling 

This  is  essentially  a  mechanical  pestle  and  mortar*  (See 
Figure  1).  The  mortar  is  turned  by  an  air-driven  motor;  the  pestle 
revolves  by  the  effects  of  friction  and  the  material  to  be  milled  is 
crushed  between  the  bottom  of  the  mortar  and  the  surfaces  of  the  pestle. 


Compositions  such  as  TNT  flake  or  Comp  B  are  milled  dry;  other 
materials  are  milled  under  water.  PETN  is  not  milled  by  this  method. 


Many  of  the  oompositions  prepared  at  AMRE  contain  rubbery 
binders  and  are  in  the  form  of  coarse  agglomerates  which  are  not  suitable 
for  testing  by  our  standard  powder  safety  tests.  Crushing  at  room  tempera¬ 
ture  often  is  not  effective  in  reducing  the  size  of  the  agglomerates. 
However*  milling  in  liquid  nitrogen  in  the  end-runner  mill,  where  the 
temperature  has  been  reduced  to  well  below  the  glass  transition  temperature 
of  the  binder,  is  effective.  The  liquid  nitrogen  also  acts  as  a  diluent 
and  ignition  quencher  in  the  same  manner  as  water. 


One  disadvantage  of  the  method  is  that  atmospheric  moisture  is 
condensed  onto  the  milled  sample  which  necessitates  a  further  drying  stage 
and  also  means  that  it  cannot  be  used  for  moisture  sensitive  compositions. 

2.3  Ball  Milling 

This  method  is  now  only  used  on  a  small  scale  for  experimental 
purposes.  There  are  two  reasons  for  this* 

(a)  the  relatively  large  quantities  of  explosive  being 
prooessed  at  one  time  if  the  prooees  is  being  used 
to  produce  worthwhile  quantities  of  powder; 

(b)  contamination  of  the  product  by  material  from  the 
balls. 
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2.4  Colloid  (pasta)  Milling 

This  is  a  method  developed  at  AWRQ  in  the  late  1950*8  and  it 
ie  used  to  produce  our  standard  fine  HMX  (HMX  ']type  B).  Figure  2  shows  the 
particle  size  distributions  of  three  grades  of  HMX  in  use  at  AWRS. 

The  mill  oonslsts  of  a  oonloal  rotor,  driven  at  high  speed, 
turning  inside  a  matching  stator  with  a  gap  of  a  few  thousandths  of  an 
inch;  both  the  rotor  and  stator  are  made  in  carborundum.  Figure  3  is  a 
drawing  of  the  stones.  Stainless  steel  rotors  and  stators  have  been  tried 
but  the  stability  of  rotation  is  not  good  enou^  to  prevent  the  milling 
surfaces  touching  and  binding. 

The  mill  is  fed  with  sluri-y  from  a  circulation  circuit  which 
is  designed  to  keep  the  slurry  in  suspension  by  the  velocity  of  the 
circulating  flow.  The  circuit  is  shown  diagramatically  in  Figure  4  and 
in  place  of  Figure  5* 

The  product  of  this  type  of  milling  is  a  bimodal  powder  with 
good  packing  properties.  However,  a  minute  number  of  carborundum  particles 
contaminate  the  product  nnd,  although  they  do  not  present  a  sedTety  hazard 
and  there  is  no  problem  in  meeting  the  stringent  grit  clause  of  the  speci¬ 
fication,  the  grit  particles  occasionally  manifest  themselves  in  embarrass¬ 
ing  situations.  Because  of  this  AWRB)  is  moving  away  from  colloid  milled 
material  to  that  produced  by  fluid-energy  milling  where  there  are  no  moving 
parts  or  oarborundxim  stones. 

2.5  Slurry  Milling  (Attrition  Milling) 

The  kinetic  energy  of  the  circulating  slurry  in  the  circulation 
system  for  the  colloid  mill  has  been  put  to  use  in  a  form  of  milling  known 
as  slurry  milling.  The  flow  from  two  centrifugal  pumps  is  directed  to  the 
opposing  arms  of  a  Teepieoe  of  reduced  diameter.  The  impact  of  the 
colliding  explosive  crystals  is  of  sufficient  violence  to  cause  their 
attrition.  This  method,  run  on  a  continuous  recirculation  system,  produces 
a  powder  with  a  particle  size  distribution,  for  HMX,  intermediate  between 
Type  A  and  Type  B.  An  important  attribute  of  the  material  produced  in  this 
way  is  the  rounded  nature  of  the  crystals. 

2.6  Pluld-Snergy  Milling  (Micronizing) 

The  second  major  method  of  milling,  and  the  currently  preferred 
method,  in  use  at  AVfRE  is  fluid-energy  milling.  The  milling  takes  place  by 
collision  of  particles  of  material,  one  with  another,  in  the  very  vigorous 
turbulence  created  inside  the  mill  by  colliding  high  pressure  air  jets. 

The  centrifugal  motion  of  the  air  flow  partially  classifies  the  powder  so 
that  the  coarser  material  is  retained  in  the  milling  area,  thus  allowing 
further  comminution  to  take  place.  Figure  6  is  a  sketch  of  the  mill} 

Figure  7  shows  the  two  300  mm  mills  installed  at  AWRE. 
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The  milling  is  carried  out  with  an  aqueous  slurry  of  the 
explosive  and  a  considerable  proportion  of  the  energy  input  is  used  in 
moving  water  around.  For  use  with  TATB,  a  small  fluid-energy  mill  has 
been  installed  which  is  being  fitted  up  for  use  with  dry  poiider.  This  is 
shown  in  Figure  3, 

The  product  of  this  type  of  milling  is  unimodal* 

2.7  Precipitation 

Precipitation  of  explosives  from  solution  in  a  variety  of 
solvents  by  feeding  the  solution  into  stirred  water  is  a  recognised  proce¬ 
dure  for  producing  materials  with  closely  tailored  characteristics. 

At  AWRE  this  form  of  precipitation  has  been  combined  with 
fluid-energy  milling  to  produce  very  fine  and  very  pure  powders. 

2 

PlilTN  with  a  surface  area  of  about  3  m'^/g  has  been  produced  by 

this  method. 

3.  SAFETY  CONSIDERATIONS 

3.1  Sources  of  Hazard  in  Comminution 


There  are  several  sources  of  hazard  in  our  methods  of 
comminution  ie. 

(a)  impact 

(b)  friction 

(c)  viscous  heating 

(d)  electrostatic  discharge  (dry  powders  and  fuel/air  mixture 
ignition) . 

The  response  to  these  stimuli  are  influenced  by  - 

(a)  the  particle  size  of  the  explosive 

(b)  the  concentration  of  the  slurryi  dust  cloud,  or  solvent 

(c)  the  nature  of  the  explosive. 

The  over-riding  objective  when  any  explosive  process  is  intro¬ 
duced  is  to  eliminate,  if  possible,  the  sources  of  hazard,  but,  if  this 
cannot  be  achieved  to  reduce  the  hazard  to  the  minimum.  This  has  been  done 
with  the  comminution  processes  used  at  AWRE  and  the  following  paragraphs 
dlsouBs  individual  areas  of  operation. 


Q68 


3.2  Slurry  Ptunpinfr 

Ther*e  are  two  slurry  pumpin'?  oircuita  installed  in  our  millin'? 

build  in#?: 

(a)  A  25  mm  diameter  circuit  pumped  by  fin  orbital  lobe 
pump  for  use  when  preparing  1  -  10  kg  quantities  of 
product  using  the  fluid-energy  mill.  The  circuit 
is  shown  diagramatically  in  K'igire  9. 

(b)  A  50  mm  diameter  circuit  pumped  by  one  or  two 
(depending  on  the  process)  centrifugal  pumps 
delivering  35  -  40  imperial  gallons  per  minute 
against  zero  head.  This  circuit  is  used  when 
preparing  large  quantities  of  product  using  the 
fluid-energy  mill,  colloid  mill  or  by  slurry  milling. 

The  circuit  is  shown  diagramatically  in  Figure  10. 

The  orbital  lobe  pump  was  chosen  for  the  25  mm  circuit  because 
of  its  inherently  safe  design.  The  body  of  the  pump  is  rubber  and  the 
lobe  is  rubber  coated.  This  design  avoids  any  metal  to  friction  in  the 
pump. 


The  centrifugal  pumps  on  the  larger  circuit  have  been  modified 
with  an  AWRll  designed  gland  lubrication  system  that  prevents  in.gress  of 
slurry  into  the  gland  from  the  pwip.  Figure  11  is  a  diagram  of  the  system. 

The  gland  was  modified  by  having  a  PTFB  bush  with  a  helical 
groove  fitted  and  the  piunp  body  was  tapped  in  two  places  to  communicate 
with  this  bush.  An  additional  tapping  into  the  pump  body  communicates 
directly  with  the  pumping  chamber.  A  filtered  water  flow  is  supplied 
through  a  flow  controller  to  the  bush.  The  downstream  side  of  the  water 
flow  is  connected  to  a  pressure  relief  valve;  the  pump  chamber  is 
connected  to  the  same  valve.  The  water  flowing  around  the  gland  is 
drained  throufl^i  the  pressure  relief  valve  whilst  the  pressure  of  the  water 

flow  is  greater  than  the  pressure  being  generated  in  the  pump  chamber.  If 

the  pressure  in  the  pump  chamber  exceeds  that  in  the  bush  the  pressure 

release  valve  closes  and  the  water  flow  in  the  gland  flushes  into  the  pump 

body,  80  preventing  ingress  of  solids  into  the  gland. 

Although  the  centrifugal  pumps  have  a  good  safety  record  at 
AWRIS,  it  is  recognised  that  there  is  a  slight  risk  involved  in  their  use. 

It  has  therefore  been  decided  to  replace  them  with  an  inherently  safer 
design  of  pump,  probably  of  the  diaphragm  type. 

3.3  Slurry  Circuits 

Vfhen  the  major  pieces  of  milling  equipment  were  installed  in 
the  late  1950 »8  experiments  were  carried  out  to  find  the  concentration 
threshold  of  the  propagation  of  detonation  for  slurries  of  HMX  in  water 
confined  in  50  mm  diameter  stainless  steel  tube.  It  was  found  that,  for 
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both  suspended  slurries  and  settled  slurries  in  horizontal  tube,  detonation 
would  not  propagate  at  30  per  oent  solids  conoentration  when  boosted  by  a 
25  mm  diameter,  x  25  mm  long  cylinder  of  Comp  B. 

Guided  by  these  results,  the  upper  concentration  limit  for 
slurries  of  HMX  gnd  RDX  permitted  in  the  AWRE  plant  is  25  per  cent,  PSTN 
has  only  been  milled  at  low  conoentration. (<  10  per  cent). 

More  reoent  studies  by  Petrino  et  al  (l)  using  gelled  slurries 
have  shown  that  detonations  oan  be  obtained  in  30  per  cent  HMX  slurries, 
but  have  confirmed  that  detonation  will  not  propagate  in  25  per  cent  HMX 
slurry.  However,  they  obtained  detonations  in  settled  5  per  oent  HMX 
slurry.  They  recommend  that  HMX  slurries  should  not  be  allowed  to  sediment. 

The  approval  that  was  given  to  work  at  25  per  cent  HMX  slurry 
concentration  at  AWRE,  was  conditional  on 

(a)  the  pipe  work  being  clear  plastic  to  enable  points 
of  sedimentation  to  be  identified  and  cleared; 

(b)  each  pipe  run  having  a  vertical  section  in  the  plant 
room  to  provide  a  break  in  any  sedimented  train  of 
explosive  and  so  prevent  propagation  of  any  ignition 
to  the  sluriy  preparation  room. 

Before  and  after  each  run  using  the  fluid-energy  mill  or  the 
colloid  mill  the  slurry  systems  are  flushed  well  with  water  to  minimise 
sedimentation. 

3.4  Colloid  Mill 


The  major  source  of  hazard  with  this  type  of  mill  is  feeding 
dry  material  to  the  mill  on  start  up,  eg.  between  periods  of  use,  slurry 
sedimenting  emd  drying  out;  or  failure  during  a  milling  run  of  the  slurry 
pump  leading  to  the  loss  of  liquid  feed  to  the  mill. 

These  situations  are  guarded  against  by  having  the  mill  fitted 
with  an  independent,  gravity  fed,  supply  of  water  that  is  used  to  flush  the 
mill  before  and  after  use;  it  is  also  capable  of  being  switched  in  and  out 
during  a  milling  run. 

3.5  Eleotrostatio  Hazards 


All  fixed  equipment  and  all  other  equipment  above  approximately 
1  oubic  foot  volume  is  bonded  to  the  earth  bond  of  the  building.  This  will 
prevent  the  build  up  of  eleotrostatio  charge  of  sufficient  energy  to  ignite 
dusts  of  the  explosives  in  use  at  AWRE. 

When  flammable  solvents  are  in  use  a  high  level  of  ventilation 
is  maintained  to  prevent  the  build  up  of  solvent/air  mixtures  of  ignitable 
proportions. 
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3.6  Vlsootts  Heating 

This  ia  more  of  a  nuisance  than  a  hazard,  tfhen  slurry  milling 
or  producing  fine  powders  hy  the  continuous  recirculation  of  product  to 
either  the  colloid  mill  or  the  fluid  energy  niill|  the  energy  deposited  In 
the  slurry  from  the  pumps  appears  as  heat  and  oonsequently  the  slurry  warms 
up.  To  remove  this  heat,  which  would  soften  the  plastic  pipes  of  the 
oiroulation  system^  the  slurry  is  passed  through  a  water  cooled  heat 
exchanger. 

4.  CONCLUSIONS 


The  explosives  comminution  operations  at  AVTRE  are  run  in  as 
safe  a  manner  as  oan  be  devised.  The  equipment  and  methods  of  operation 
are  regularly  reviewed  to  determine  whether  improvements  oan  be  made. 
However,  the  probability  of  an  explosive  event,  although  low,  is  greater 
than  would  allow  the  equipment  to  be  run  under  close  control. 

This  paper  has  presented  the  reasons  for  that  oonolusioh  and 
the  steps  that  have  been  taken  to  minimise  the  likelihood  of  an  explosive 
event . 
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Th«  studies  described  herein  show  that  capacitive  dischar¬ 
ges  and  constant  potentials  may  ignite  the  combustion  of 
composite  propellants. 


The  results  analysis  allowed  SNPE  to  point  out 
criteria  based  upon  percolation  phenomena  and  specific 
laws  of  volunic  resistivity  as  a  function  of  temperature. 

The  above  criteria  should  be  able  to  predict,-  with  a  ra¬ 
ther  good  approximation,  -  the  behavior  of  some  propel¬ 
lants  in  regard  to  static  electricity. 

ISI82ey£TI2S* 

within  the  safety  conditions  improvement  framework, 

SNPE  has  tried  to  evaluate  the  margins  of  safety  in  presence 
of  static  electric iky.  Various  measurements,  performed  in 
the  workshops,  have  highlighted  the  presence  of  static  electri¬ 
city  during  some  operations. 

(1 )  91710  -  VERT-LE-PETIT  -  PRANCE 
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Significant  claetric  chargca  w«r«  obsacvad  on  inhi¬ 
bitors  and  packings  xiatsi ial^- it  has  bssn  possibls  to  record 
the  electric  potential  accumulated  on  a  core  during  the 
core  pull  out  operation.  The  above  potential  may  go  up  to 
several  thousands  of  volts  at  the  end  of  the  pull  out 
operation.  Thus,  SNPE  has  emplsmented  a  large  set  of  pre¬ 
ventive  operations  which  seen  to  be  efficient  such  as,  for 
instance,  the  use  of  graphit  and  systematic  grounding  of 
inhibitors,  in  the'  field  of  safety,  preventive  operations 
cannot  provide  an  absolute  warranty  for  any  hazard. 

Therefore,  in  the  event  of  electric  charges  genera¬ 
tion,  SNPE  has  tried  to  understand  the  behavior  of  propel¬ 
lants,  and  more  particularly  of  composite  propellants, 
whith  regard  to  electric  discharges. 

2.  CAPhCITIVE  DISCHARGE  TESTS. 


2.1.  Presentation. ! 

At  the  beginning  of  the  study  worked  out  by  SNPE  we  had 
at  our  disposal  an  electric  spark  priming  test  wich  had  been 
used  for  a  long  time  by  most  of  the  pycotechnical  plants  which 
have  to  characterise  primer  explosives  in  regard  to  static 
electricity.  The  principle  of  the  testing, (sketch  depicted  in 
figure  1)  consist  to  determine  the  minimum  energy  for  which 
twenty  no  reaction  successive  tests  were  performed.  It  is 
understood  that  the  application  of  an  immediate  upper  energy, 
would  generate  a  reaction. 

This  test,  involving  a  maximum  energy  of  726  mj  (l.e.  a 
3000  -  pp  capacity  charged  under  a  22-ICV  voltage)  does  not 
result  in  the  ignition  of  solid  propellants  whatever  may  be 
their  configurations  :  either  on  a  chipped  form  or  on  a  pellet 
form  similar  to  the  dimensions  of  the  negative  electrode  recess. 

It  should  be  noted,  however,  that  propellant  pellets  ate 
sometimes  perforated  in  their  center,  after  a  capacitive  dischat- 
g«- 
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The  analysis  of  the  first  results  lets  us  assume  that  the 
ignition  of  some  propellants  would  be  possible,  should  the 
values  of  the  following  parameters  he  increased  : 

-  size  of  samples  (masse  effet) 

-  duration  of  discharge  in  the  RC  circuit  (R  is  used 
as  the  propellant  resistance,  and  C  as  the  capacity  applied 
to  the  propellant  extremities  (time  required  for  ignition) , 

-  energy  delivered. 

In  view  of  the  above  parameters,  an  equipment  was  created. 

/ 

it  is  depicted  in  figure  2. 

The  propellant  sample  to  be  tested  is  a  cylindrical 
90  mm  diameter  grain  and  100  or  200  mm  long  (investigation 
of  the  constant  of  time  impact  RC  -  f  (L) .  C).  The  grain  was 

located  between  two  electrodes.  The  electrode  system  is  a 
.  .  .  (1 ) 

"point-plane  type"  to  a  sharp  area  is  more  intense.  In  order 
to  get  an  adequate  contact  and  distribution  of  the  electric 
current,  the  rounded  surface  of  the  propellant  grain  facing 
the  negative  circular  electrode  is  coated  with  a  silver 
lacquer . 

In  order  to  investigate  the  influence  of  ambient  hygro- 
metry,  the  propellant  grain  was  placed  inside  a  4.l0^^{)m 
volumic  resistivity  plexiglass  chamber. 

In  order  to  measure  the  current  acccoss  the  propellant 
grain  an  adequate  resistor  following  the  negative  electrode 
was  inserted  into  the  discharge  circuit.  The  electric  equip¬ 
ment  could  deliver  al5«6  Joules  energy  (i.e.  a  34,  7-nF  capa¬ 
city  charged  under  a  30-KV  voltage). 

2.2.  Results. 

A  lot  of  tests  were  conducted  and  the  main  results  are 
described  here  under  : 

2,2.1.  -  some  propellants  react  and  the  reaction  can 
take  two  forms  ! 

•  Ignition  !  films  taken  at  2000  frames  per  second 
show  that,  during  ignition,  cracks  appear  in  the  propellant. 
Through  the  above  cracks,  thick  bursts  of  flames  are  generated. 
Then  the  combustion  spread  out. 

(1)  which  is  very  penalizing  because  the  electric  field  close. 
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According  to  the  aherp  noiaaa  heard,  raactiona  arc 
vary  aavara  noat  of  tha  tina. 

.  Ct  aching  i  tha  no -ignition  taata  after  diacharga 
ahow  large  cracka.  Thaaa  crateka,  according  to  x-ray  pictutaa, 
ware  made  of  a  large  quantity  of  email  ducta  (approximately 
S/10  th  mm  diameter). 

Outaide,  the  cracka  appear  moatly  on  the  lateral  aur- 
face  and  oh'the  iilver-coated  rounded  aurface.  The  aketch 
of  figure  3  ahowa  a  cracked  propellant  grain. 

On  the  other  hand,  it  ahould  be  pointed  out  that 
the  cracking  pnencmenon  took  place  alwaya  before  the 
ignition  phenomenon. 

2.2.2.  -  the  reaction  la  very  caaual  and  may  happen  after 
aucceaaive  capacitive  diachargea.  (number  of  diachargea  is 
called  n).  For  example,  a  propellant  grain  may  crack  at 
the  2nd  and  at  the  10th  diacharge  and  may  ignite  only  at 
tha  20th  one. 

However,  it  waa  obaerved  that  usually  n  is  leas  than  30. 

2; 2. 3.  -  in  caae  of  no  reaction  the  discharge  current  com¬ 
plies  with  the  Ohm^ s  law  i.e.  the  measured  time  constant  almost 
equals  the  time  constant  calculated  in  accordance  with  the 
relation  :  t  >  RC,  C  is  the  caoacity  applied  to  extremities 
of  the  propellant  grain  and  R  the  propellant  grain  resistance. 

Calculation  of  resistance  R  is  based  on  the  <}eometric 
dimensions  of  the  grain  and  on  the  volumlc  resistivity  measured 
by  a  KEITLEY-type  cell  (this  measurement  is  taken  on  a  90  mm 
diameter  and  5  mm  thick  propellant  slice). 

2.2.4.  -  In  caae  of  reaction,  the  measurements  of  dischar 
ge  currents  show  that  cracking  or  ignition  pnenomena  appear  as 

soon  as  the  outside  capacity  is  connected  to  the  propellant 
grain  extremities  . 

During  the  ignition  phenomenon,  the  current  shlits  from 
0  to  several  amperes  within  a  few  microseconds. 
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Aftar  ctaekinq  ttia  currant  qanarally  bacomaa  1000  timas 
highar  than  maaauranants  conduccad  prior  to  cracking. 

Tharafoca,  cracks  dagrada  tha  propallant  and  lowar  down  tha 
volufflie  rasistlvity.  Typical  axanplas  of  diseharga  currants 
ata  shown  in  figura  4. 

2.2.5.  -  Pacamataca  such  as  : 

.  block  langth  (100  to  200  mm), 

.  praaanca  of  inhibitor, 

.  outs  ids  hygromatry, 

do  not  saam  to  hava  an  important  impact  in  tha  abova  tests. 

2.2.6.  -  Tha  casu&l  nature  of  tha  results  cannot  allow  to 
estlmata  a  minimum  energy  of  non-raaction ,  for  a  given  propal¬ 
lant. 

For  this  type  of  teat,  it  should  be  noted  that  some 
propdllants  ignite  at  an  100  iiJ  energy  level,  approximately. 
This  energy  was  calculated  in  accordance  to  the  equation 


2,2,7,  -  Composite  propellants  (tested  so  far),  with  a 
volumic  resistivity  from  10®  to  10®  Urn,  do  not  react  to  a 
maximum  energy  of  1  S«6  joules. 


2.2.8.  -  Composite  propellants,  with  a  volumic  resistivity 
8  11 

ranging  from  10  to  10  Mm,  are  likely  to  react  to  capa¬ 
citive  discharges.  In  that  case,  the  resistivity  is  not  a 
discrminative  criterion  in  regard  to  sensitivity  to  dischar- 
ges.  '  M 


2.3.  Analysis. 


In  compliance  with  above  results,  a  discriminating  pro¬ 
cedure  was  worked  out  :  3  identical  grains  from  the  same  com¬ 
position  are  submetted  to  30  (  above  30  it  was  noticed  that 
the  probability  of  ignition  is  virtually  non-existent) 

1 5a6  Joules  (i.e.  a  34,7  nF  capacity  under  30  KV) , 


A  composition  is  called  sensitive  to 
charges  when,  out  of  the  90  discharges,  at 
king  phenomenon  is  observed. 


capacitive  dis- 
least  one  crac- 


u 
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3-1  •  Pfawf  tlon. 


Basod  on  tha  obaarvation  that  tha  raactlon  starts  as 
soon  as  tha  capacity  is  connactad  to  tha  propallant  grain 
axtrasiitiaSf  it  is  aaaunad  that  application  of  ona  voltaga 
stap  (without  capacity)  would  ba  aufCiciant  to  ganerata 
sinilar  af facts.  For  that  reason .  a  second  coupling  shown 
in  figure  S  was  davaloppad. 

Tha  cylindrical,  90  on  diamatar  and  10O  or  200  mm  long, 
propallant  grain,  tha  round  surfaces  of  which  ware  coated 
with  a  silver  lacquer,  is  placed,  along  tha  aymatrlc  axis, 
i>atwaan  two  plana  circular  electrodes. 

Tha  constant  potential  was  applied  by  2-KV  increments 
every  five  minutes  in  order  to  verify  the  influence  of  the 
joule  effect. 

3.2.  Results. 

3.2. T.  -  Propellants  reacting  to  the  capacitive  discharge 
test,  also  react  as  soon  as  a  potential,  is  applied.  The'-alg^e 
potential  is  calldd  critical  potential.  The  reactions  are  sin^ 

' lar  to  the  above  ones. 

3.2.2.  Conduction  current,  described  in  figure  6,  com¬ 
plies  whith  the  Ohm's  law  below  the  critical  potential.  Occas- 
sionnally,  before  the  applied  potential  reaches  the  critical 
potential  level,  the  curreht  is  submitted  to  "variations”. 

For  most  of  the  tests,  the  reaction  is  obtained  as  soon  ' 
as  the  modification  of  the  voltage  level  is  applied. 

A  test,  for  which  the  last  voltage  level  applied 
was  very  close  to  the  critical  potential,  shows  a  very 
specific  conduction  current  (see  figure  7). 


starting  from  tha  12-KV  laval  and  aftar  a  ona  minuta 
ptlriod  of  tima.pulaaa  paciod  of  which  ara  approxlmatgly 
constant,  ara  notlcad.  Tha  paciod  valud  la  closa  to  tha 
maasurad  tlroa  constant  of  tha  pcopallant  consldacad  (o/l,2  a) 
amplltuda  of  which  axponantially  Incrdaaaa.  Bach  of  thaaa  pulaea 
waa  accompanlad  by  a  sharp  snapping  nolaa. 

Aftar  a  2-mlnuta  paciod  of  tlma,  a  large  crack  la 
obsarvad  and  tha  currant  stablllsad  at  a  3,S  mA  valua,  i.e. 

1000  tlmaa  tha  valua  of  tha  initial  current. 


Then  again,  reactions  ace  casual  and  it  la  very  diffi¬ 
cult  to  evaluate  a  propellant  dialactcic  strength  K  such 
that  : 

K  -  U^/L 

where  la  tha  critical  potantial  and  L  tha  lengh  of 
the  pcopallant  grain. 

3.2.3.  -  Sone  propellants  ignite  at  very  low  voltage, 
acdund  1  KV. 

3.2.4.  Even  during  long  pecidds  of  tine  (30  minutes)  the 

joule  effect  which  nay  be  characterized  by  the  equation  : 

2 

E  «  RI  t,  does  not  cause  any  reaction. 


4.  ASSUMPTIONS  ABOUT  THE  RSACTIOM  MECHANISM. 


For  propellants  classified  as  "sensitive  to  capacitive 
discharges",  the  analysis  of  the  facts  such  as,  for  example. 
Initiation  of  the  cracking  phenomenon  prior  to  the  ignition 
phenomenon,  let  assume  that  the  reaction  mechanism  is 
divided  into  two  main  phases  : 


-  let  phase  ;  initiation  of  the  cracking  phenomenon  in 
connection  with  a  critical  potential 


nd  phase  ;  initiation  of  an  ignition  phenomenon  in 


connection 

The  above  is  expla 


a  critical  energy  E^. 


in  figure  8. 
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All  tht  ftcts  eombln*  to  ptov«  out  that  th«  roactlon 
ttarts  iniidf  tht  pcoptllant  mattrltl.  Tho  rtactlon  start 
Is  locattd  In  microscopic  artas.  As  a  matter  of  fact,  it  tht 
propellant,  in  its  peneral  form,  may  be  considered  as  an 
isotropic  environment,  this  is  no  longer  true  at  the  level 
of  various  particles  such  as  aluminum,  ammonium  perchlo¬ 
rate,  etc. 

The  existence  of  a  critical  potential  shows  that 
cracking  is  caused  by  one  or  several  electric  phenomena. 

Among  the  well-known  electric  phenomena  such  as  sent- 
conduction (case  of  the  ZIMER  diode  which  becomes  conduc¬ 
tive  at  a  given  potential  by  avalanche  effect),  piezo-ilec- 
tricity,  micro-breakdown  (between  two  conductive  particles 
separated  by  a  dielectric)  it  is  assumed  that  micro-breakdown 
can  be  considered  as  the  moat  probable  because  the 
two  following  observations  are  support  any  this  hypothesis. 

-  The  measurements  of  volumic  resistivity  of  alumi¬ 
num  powder  (used  for  propulsion)  packaged  in  a  plexiglass 

tube  show  that,  for  a  critical  potential,  the  value  of 

7  3 

(ssistivity  shifts  from  10  to  10  Om.  This  corresponds 
to  a  breakdown,  for  a  number  of  particles,  of  the  alumina 
layer  that  covers  pure  aluminum  particles  on  approximately 
40  A  thickness. 

-  Assuming  that  the  electric  diagram  for  a  propellant 
grain  is  a  dielectric  with  a  parallel  RC  circuit,  it  can 

be  imagine  that  this  grain  la  a  complex  assembly  of  RC 
circuits  and  that  the  junction  points  are  conductive  particles 
(e.g.  aluminum  grains). 

Admitting  that  the  breakdown  between  two  conductive 
points,  results  in  the  destruction  of  the  dielectric 
connection  between  these  two  points,  and  setting  up  arbitrary 
initial  conditions,  it  can  be  proved,  by  simulation  with 
electronic  components  or  by  calculation,  that  a  U  potential 
applied  to  the  extremities  (see  sketch  shown  in  figure  9)  can 
produce  a  current  (layout  is  depicted  in  figure  10).  It 
must  be  noted  that  the  above  layout  looks  like  figure  7 
layout. 
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*•  *  resistivity 

fi5-ft-EySS1!I9S_2E-I5!S58&t985  • 

Ov«r  «11  the  cofflpositiont  t*sttd«  the  volvanlc 
rtalativlty  in*atuc«ii«nts,  (roa  >46  to  '*■  80*C  (-40  to 
*  174*P)  show  that  3  dlfCarant  laws  of  taslatlvlty  may  ba 
aneountarad  varaua  tampacatura.  Tha  laws,  shown  in  figura 
11  ara  tapraaantad  by  ona  o?  two  straight  linas  (1  and  2) 
with  dlffacant  aiopaa  and  aquations  as  follows  t 

Ln  t/'v)  ■  ®  +  constant 

KT 

wh«ra  I  T  >  sbsoluta  tampacatura  in  K  dagcaa 
K  -  BOLTZMANN'S  constant 
E  ••  anargy  in  av. 

This  law  is  similar  to  samiconductocs.  Tha  axistancs 
of  2  straight  linas  points  out  a  changa  in  tha  typa  of 
conduction  starting  from  a  givan  transitional  tampacatura. 

Tha  valuas  of  tha  anargias  calculatad  from  tha  slopas  of 
tha  straight  linas  ranga  from  O  to  2  aV. 

Tha  most  camarkabla  obsarvatlon  is  that  tha  compositions 
which  caact  to  capacitiva  dischargas  follows  a  typa-I  law 
(i.a;  tha  proportion  E^/Ej  ia  abo4>a  1)  whaca  as  tha  composi¬ 
tions  which  do  not  caact  hava  a  typa  XI  or  Ill-law  (i.a. 
tha  proportion  G^/G2  lowac  or  wqual  to  1 ) . 

6.  DETERMINATION  OF  A  CRITERION  BASED  UPON  PERCOLATION. 


A  factorial  invastigation  of  the  pcopallanta  active 
constituents  was  carried  out.  A  compromise  between  a  strict 
investigation  of  pacamatacs  and  tha  feasibility  of  specific 
formulations  was  wgckad  out. 

Tha  results  of  this  invastigation  mainly  anphaaisa  1 

-  tha  aluminum  particle  size. 

-  tha  electric  characteristics  of  tha  binders 
(binder  ■  pcapolymar  *  miscallaneous  additives). 
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Sine*  th«  alualnua  ^ranulOM^try  ia  conoarnad,  and  for 
a  conatant  aluatlnian  eontant  cha  daccaaaa  in  diaaiatac  of 
alumlnuM  partiela  aisa>  (i.a.*  thair  ineraaaa  in  nunbac), 
raaulta  in  aanaitiva  to  capacitiva  diachargaa  ooapoaitiona. 

Tha  impact  of  tha  niabar  of  conduetiva  particlaa  waa 
quita  haturally  tha  naxt  atap  to  invaatiqata  pareolation 
phanomana. 

Pareolation,  aa  thaoratically  dafinad,  ia  indapandant 
of  tha  voltaqa  applidd  and  allowa  -  (for  a  givan  conducting 
and  inaulating  particle  ayatam)  -  to  dataraina  tha  critical 
laval  of  Nc/Ni  ratio  ( Nc  ■  nunbar  of  conducting  particlaa 
and  Ni  ■  numbar  of  inaulating  particlaa)  abova  which  tha 
antira  ayatam  ia  fulling  conducting. 

In  tha  caaa  of  a  cempoaita  propallant,  it  doaa  not 
aaam  poaaibla  to  obtain  auch  a  laval,  bacauaa  aliaainum  parti¬ 
claa  ara  working  aa  inaulationa,  although  conduetiva 
Inaida. 

In  fact,  tha  phanonanon  that  wa  hava  to  work 
with  conaa  fr<»  thaoratlcal  percolation^  phanonanon  and, 
tharefora,  a  P  braakdown  percolation  coefficient  waa 
dafinad  aa  followa  t 

’ 

where  t  ^  ■  binder  conductivity 
w  binder  unit  volume 

Tha  abova  coefficient  covara  9  paramatara. 

Currently,  tha  validation  phaae  waa  conducted  over  about 
fifty  different  ^ormulationa.  It  ia  now  poaaibla  to  know  a 
range  for  tha  critical  P  value  :  abova  this  value,  formuld- 
tiona  ara  aanaitiva  to  capactliva  diachargas,  under  they  ara 
not. 

However  tha  abova  critical  P  value  is  not  clean  and 
there  remains  an  area  where  this  criterion  is  uncertain. 
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Aa  wa  triad  to  damonatrata,  it  looka  pcobabla  that 
tha  caactlon  macanlam  la,  Clrat,  conductad  by  a  micro- 
braakdown  phanaaanon. 

In  ordar  to  undaratand  thia  macanliim,  a  thaoratieal 
and  fondanantal  atudy  will  ba  workad  out. 

Critical  alaetrical  fialda  batwaan  particulaa  will  ba 
mora  apacially  atudiad. 

To  currantly  carry  out  our  safaty  problana,  two  ampi- 
tical  critaria  may  ba  uaad,  ona  ia  baaad  on  pareolation 
phancmanon,  tha  othar  ia  baaad  on  spacific  raaiatlvity  lawa 
varaua  tamparatura. 

So,  a  propallant  will  ba  claaaifad  aa  aanaitiva  to 
itatlc  alactricity  if  tha  followin9  conditiona  ara  carrlad 
out. 


.P>Pc 


and  p— bindar  contant^  critical  contant 


or 


r 

or 

L 


aluminium  contant  ^critical 


contant 


- — - E,  /Ej  >  1 

Abova  critaria  ara  ayatamatically  appliad  during  naw  for¬ 
mulations  davaloppamants.  Propallant  bahaviour  may  bd  antici- 
patad  and  may  ba  modiflad  if  nacasaary  so  that  safaty  cautions 
ara  takan  to  pravant  any  risk  aithar  dOring  concaption  or 
carrying  out  of  tha  materials. 
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SUMMARY 

V 

1 .  This  paper  describes  a  recent  problem  where  risk  analysis  enabled  the 
British  Government  to  formulate  a  compromise  solution  which  avoided  costly 
extreme  courses  of  action.  A  major  leisure  centre  had  been  built  inside 
the  Inhabited  Building  Distance  of  a  busy  explosives  wharf.  The  paper 
Indicates  the  techniques  of  the  analysis  and  discusses  ways  to  present 
data  on  casualties  and  damage  in  order  to  provide  policy  makers  with  a 
realistic  basis  for  decisions. 


RISK  ANALYSIS  -  GRASPING  TIIK  NETTLE 
R'^R  Watson 

Health  &  Safety  Ehcecutive 
United  Kingdom 


INTRODUCTION 


?.  Some  of  tho  audience  today  will  recognise  in  Figure  1  the  former  town 
of  Port  Chicago,  California  which  was  a  constraint  on  the  explosives  limit 
for  the  loading  piers  of  Naval  Weapons  Station  Concord,  a  primaxy  facility 
for  the  Armed  Forces  and  the  Military  Assistance  Programme.  Others  may 
view  the  picture  differently  and  recognise  what  for  many  years  constituted 
an  ever-present  threat  to  the  lives  and  property  of  the  residents  of  the 
town.  It  was  not  a  hypothetical  threat.  Figure  2  shows  the  damage  to 
the  theatre  in  1944  when  a  cargo  ship  being  loaded  with  ammunition  exploded 
killing  320  people  in  the  area  and  causing  ^12  million  damage  to  property. 
A  solution  was  found  when  Congress,  after  a  careful  study  of  the  options  in 
1967,  authorised  ^  20  million  to  eliminate  the  hazards  to  the  locality  by 
compulsory  purchase  of  the  town  to  provide  a  buffer  zone  of  2  miles  radius 
i  from  the  piers. 


3.  This  solution  might  not  have  been  adopted  if  the  town  had  been  as  large 
as  that  shown  in  Figure  3*  In  1978  the  Health  and  Safety  Executive  (UK) 
became  aware  of  the  existence  of  a  new  leisure  centre  (Figure  4)  within  the 
Inhabited  Building  Distance  of  a  busy  explosives  wharf.  There  were  prop¬ 
osals  to  develop  the  area  into  a  major  recreational  complex  (Figure  5). 

The  emntre  had  received  planning  approval  when  there  were  no  requirements 
for  consultation  with  the  HSE  or  its  predecessors.  Ebcplosives  ships  were 
about  7W  metres  from  the  leisure  centre  as  shown  in  Figure  6  which  is  the 
view  of  the  wharf  from  the  cafeteria  in  the  leisure  centre. 


SIMPLE  BUT  DRASTIC  SOLUTIONS 

4.  Traditional  concepts  of  explosives  safety  embodied  in  Quantity- 
Distance  tables  Indicated  two  obvious  solutions.  Either  the  leisure 
centre  should  be  closed  down  or  the  explosives  operations  at  the  wharf 
should  cease.  Neither  of  these  courses  of  action  was  acceptable.  The 
community  would  not  accept  closure  of  its  multi-million  dollar  showpiece 
which  attracted  up  to  45*000  people  per  week.  Some  of  them  woriced  in 
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the  explosives  factory  whose  operations  would  be  drastically  curtailed 
by  closure  of  the  wharf;  and  with  unemployment  numing  at  nearly  209$, 
the  resultant  loss  of  jobs  was  unacceptable.  It  was  necessary  to  set 
aside  quantity-distance  concepts  and  adopt  a  fresh  approach  to  the 
problem. 

NEW  WAYS  OF  APPRAISINQ  EXPLOSIVES  SAFETY 

3.  In  1969  the  Explosives  Storage  and  lyemsport  Committee  of  the 
Ministry  of  Defence  and  the  Inspectorate  of  Explosives  in  the  Home  Office 
reviewed  the  methods  of  determining  explosives  limits  in  British  harbours. 
The  Joint  committee  decided  to  introduce  weighting  factors  into  the 
calculation  to  take  cognizance  of  the  different  degree  of  risk  (probability 
of  explosion)  presented  by  (for  example)  fuzed,  unshuttered  ammunition 
compared  with  unfuzed  ammunition  and  packages  of  stable  high  explosive. 

Ibis  was  the  first  departure  from  the  traditional  doctrine  that  explosives 
limits  must  be  based  on  the  assumption  that  the  maximum  credible  accident 
will  occur  sooner  or  later  so  that  consequences  alone  should  be  considered, 
not  the  likelihood  of  the'  postulated  event  in  conjunction  with  the 
consequences  (overall  risk). 

6.  There  have  been  severed,  papers  at  recent  Explosives  Safety  Board 
Seminars  which  have  shown  how  risk  ainalysis  or  risk  appraisal  may  be  used 
to  supplement  traditional  tables  of  quantity-distances.  Schneider  of 
Switzerland  and  Jenssen  of  Norwaiy  have  argued  for  a  greater  willingness 
to  use  these  techniques  when  the  orthodox  approach  is  too  inflexible. 

(Risk  analysis  appears  to  have  become  a  respectable  topic  for  these 
seminars;  the  topic  session  includes  5  papers  this  week).  The  Health  and 
Safety  Executive  decided  in  1978  to  apply  risk  analysis  to  the  intractable 
problem  of  the  explosives  wharf  and  the  leisure  centre. 

7.  Several  speakers  have  uttered  warnings  at  these  seminars  that 
although  it  is  relatively  simple  to  calculate  the  individual  risk  and  the 
societal  risk  corresponding  to  various  courses  of  action,  a  more  difficult 
task  lies  at  the  interface  between  the  safety  engineers  who  present  these 
options  and  the  administrators  or  politicieuis  who  are  asked  to  decide 
which  option  to  adopt.  There  is  understandable  reluctance  to  endorse  a 
proposed  which,  after  all  reasonably  practicable  precautions  have  been 
taken,  acknowledges  a  residual  but  acceptably  remote  risk  of  serious 
casualties.  It  is  this  "nettle"  that  has  to  be  greusped  if  the  teohnigoies 
of  risk  appraisal  axe  to  be  exploited  folly. 


ASSESSMENT  OF  THE  POSSIBLE  CONSEQUENCES  OP  AN  EXPLOSION 

8.  The  first  part  of  the  analysis  of  the  wharf  problem  was  to 
predict  the  cost  of  damage  to  property  in  the  vicinity  and  the  number  of 
casualties.  Experience  from  past  accidental  explosions  gives  an 
indication  of  what  to  expect.  The  locale  is  at  least  important  as  the 
quantity  of  explosives  involved.  An  explosion  near  Portsmouth,  England  in 
1950  (Figure  7)  was  at  eui  isolated  jetty  with  no  dwellings  within  the 
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Inhabited  Building  Distance  so  the  majority  of  claims  were  for  broken 
windows  in  the  city.  At  Gibraltiur  (Figure  8)  the  sloping  terrain  and 
dense  development  close  to  the  dookyard  would  be  expected  to  maximise 
the  consequences  of  an  explosion  but  owing  to  the  re?.atlvely  small 
quantity  of  explosives  involved  in  an  explosion  there  in  1930,  most 
serious  dameige  was  confined  to  the  Installation.  Ibe  variability  of 
fatalities  for  a  given  quantity  of  ojqploslves  is  illustrated  in  Figure 
9;  there  is  some  correlation  between  the  quantity  and  the  fatalities 
but  clearly  it  is  important  to  take  account  of  the  disposition  of 
people  at  the  time  of  an  explosion. 

9.  In  order  to  make  a  realistic  prediction,  a  large  scale  map  of  the 
town  was  obtained  and  circles  were  drawn  around  the  assumed  centre  of 
the  explosives  wharf  at  Intervals  of  50  metres  out  to  2^00  m.  This 
represented  the  expanding  blast  wave,  the  intensity  of  which  could  be 
determined  by  well  known  techniques  assuming  a  maximum  credible 
explosion  of  30,  100,  200  tonnes  etc  of  explosives  of  Division  1,1  (mass 
risk).  Although  casualties  are  more  important  than  property  damage,  it 
was  convenient  to  start  by  assessing  damage.  Hie  value  of  property  in 
each  50  m  ring  was  calculated  by  laboriously  counting  the  buildings  of 
each  type  on  the  map.  For  each  ring,  the  average  cost  of  repairs  was 
calculated  using  the  combined  data  from  World  War  II  bombing  of  British 
brick  dwellings  and  the  report  of  the  Port  Chicsigo  explosion  involving 
different  types  of  construction.  Ibe  costs  were  then  integrated  over 
all  the  rings  to  give  the  total  cost  of  damage  for  each  sussumed  size  of 
explosion  at  the  wharf.  Ibe  total  cost  was  not  unduly  large  and  was  less 
than  the  cost  of  damage  to  the  leisure  centre.  In  any  case  concern  over 
the  likely  casualties  among  patrons  and  in  the  town  as  a  whole  eclipsed 
these  materialistic  considerations. 

10.  Next,  an  estimate  was  made  of  the  likely  number  of  casualties  in 
consequence  of  the  calculated  levels  of  damage  to  dwellings,  on  the 
assumption  of one  occupant  during  working  hours  but  four  occupants  at 
night  and  weekends.  This  type  of  prediction  was  somewhat  crude,  being 
based  on  statistical  data  from  a  variety  of  accidents,  but  weis 
nevertheless  useiUl  for  making  comparisons.  The  most  difficult 
prediction  was  the  number  of  casualties  in  the  leisure  centre.  Neither 
data  from  brick  built  houses  nor  that  from  US  timber  frame  buildings 

is  really  relevant  for  a  large  span  building  of  steel  frame  construction 
with  modem  cladding  materials  and  extensive  areas  of  glazing.  The 
number  of  occupants  at  risk  veiries  from  a  skeleton  staff  in  silent 
hours  to  arovind  4,500  at  peak  hours.  Ibe  number  of  patrons  was  introduced 
8U3  a  parameter  in  the  presentation  of  results  of  the  analysis. 

11.  The  assessment  had  reached  the  stage  at  which  the  ramifications  of 
the  various  options  could  be  commimicated  from  the  saifety  engineers  to 
the  administrators.  Figure  10  shows  how  the  expected  number  of 
fatalities  increases  with  the  explosives  limit  and  with  the  number  of 
patrons  who  happened  to  be  present  at  the  moment  of  the  postulated  explosion. 
Consideration  of  this  data  led  to  the  conclusion  that  some  administrative 
arrangement  should  be  sought  to  ensure  that  large  quantities  of  exqilosives 


903 


would  never  be  handled  on  the  whatrf  or  ships  while  the  leisure  centre  was 
operating  near  its  peak,  and  vice  versa.  Despite  the  practical 
difficulties  of  operating  such  an  arrangement,  it  heis  been  put  into  effect 
by  the  mutual  collaboration  of  the  authorities  backed  up  by  the  powers  of 
the  Health  and  Safety  at  Work  etc  Act  1974.  The  relationships  in  Figure 
10  were  used  to  determine  practical  guidelines  for  the  numbers  of  occupants 
to  bo  permitted  at  different  times  of  day,  night  and  weekends.  This  should 
ensure  that  the  chances  of  the  worst  credible  accident  occurring  were 
sufficiently  remote  to  be  acceptable. 

ASSESShCBNT  OF  THE  LIKELIHOOD  OF  AN  EXPLOSION 

12.  Ihe  statement  that  a  certadn  number  of  casualties  wovild  be  tolerable 
raises  many  questions  which  are  familiar  to  those  involved  in  risk  analysis. 
•'Tolerable  to  whom?"  asks  the  local  resident.  Ciiriously  in  this  case  there 
was  no  local  pressure  group  demanding  a  reduction  in  hazards.  Explosives 
had  been  made  and  shipped  through  the  area  for  over  a  century;  many  res¬ 
idents  were  economically  involved  in  the  trade  or  had  relatives  who  had 
benefited  from  it.  In  this  situation  it  is  a  function  of  government  to 
judge  whether  risks,  which  people  are  prepared  to  accept  based  on  their 

own  perception  of  the  risks,  should  be  permitted  to  continue  or  whether, 
in  the  light  of  specialist  knowledge  not  available  to  those  at  risk,  there 
should  be  change.  A  recurring  problem  in  a  democracy  with  high  technology 
is  how  and  to  what  extent  government  should  make  available  to  the  public 
the  plethora  of  information  necessary  to  make  well  informed  judgements. 
Paternalistic  government  may  be  resented;  on  the  other  hsuid  it  is  very 
difficixlt  for  scientists  and  engineers  to  communicate  highly  technical 
information  about  risks  and  ceisualties  in  a  form  which  is  both  neutral 
and  unlikely  to  be  misinterpreted.  Should  the  people  at  risk  have  the  same 
opportunities  as  the  administrators  and  politicians  to  say  whether  the  risks 
are  acceptable?  If  so,  woixld  they  grasp  the  nettle? 

13.  In  the  present  case  the  government  and  its  officials  tried  to  steer 

a  middle  coiirse.  In  order  that  the  government  could  judge  what  numbers  of 
patrons  could  be  permitted  in  the  leisure  centre  and  what  explosives  limit 
should  be  assigned  to  the  wharf,  it  was  necessary  to  estimate  the  likelihood 
of  an  explosion  involving  simultaneously  50  or  100  or  200  tonnes  etc  of 
high  explosives.  This  phase  of  the  analysis  involved  the  development  of 
the  usual  fault  tree,  to  eiscertain  what  events  could  lead  to  the  explosion 
and  to  assign  probabilities  to  each  factor.  It  also  necessitated  assessment 
of  loading  operations  at  the  wharf  to  determine  the  likelihood  that  an 
explosion  would  involve  only  a  small  quantity  of  explosives  (say  one 
package  or  pallet)  or  an  intermediate  quantity  (a  rail  vehicle  full)  or 
the  whole  of  the  explosives  on  the  wharf  and  in  the  shipCs)  just  at  the 
time  that  this  quantity  was  at  its  peak. 

14.  Figure  11  is  a  much  simplified  indication  of  the  factors  which  were 
taken  into  account.  More  or  less  subjective  values  of  probability  were 
assigned  to  the  factors,  using  historical  data  or  experimental  results  to 
check  them  wherever  possible.  Items  like  the  risk  of  a  spectacular 
suicide  were  very  difficult  to  assess.  The  analysis  was  comprehensive  and 
therefore  much  too  expensive  to  adopt  as  a  technique  for  tackling  routine 
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problMU  with  osploilw*  qutntlty-distanowi.  It  wm  a  oollal)^tlva  affort, 
with  tha  ooBpaay  oonoaxnad  oonduotlx^^  tha  datallad  analyaia  wttt^^vwznnant 
offlolala  praaoribad  tha  guldallnaa  for  tha  atudy  and  monltorad 

15.  Mdny  uaaful  laaaona  wasra  laaxnt  from  this  atudy.  A  nunibar  of 
Inprovauanta  wara  Idantlflad  >Adoh  would  raduoa  tha  rlaka  oonaldarably. 

Tha  axploalvaa  Induatxy  haa  alwaya  triad  to  daai£(n  fail-aafa  faaturaa  into 
ita  oparatlona,  aa  ahown  In  Figura  12.  Thla  la  not,  aa  you  mle^t  think  at 
firat  ali^t,  a  Soottnan  tandlng  hie  moonahlna  on  a  grand  aoala.  It  la  an 
aarly  fall-aafa  monitoring  davloa  for  nitroglyoarlna  production.  Tha 
worker  la  oarafully  watching  tha  t«&paratuxa  to  maka  aura  it  doaa  not  riaa 
axoaaalvaly;  if  ha  ahotild  fall  aalaap  during  thla  monotonoua  taak,  hia 
ona-laggad  atool  would  maka  aura  ha  woka  up  again. 

16.  Tha  analyaia  idantlflad  thoaa  faotora  tdiioh  oontrlbuted  moat  to  tha 
poaalbility  of  axploaion  of  a  ahip.  Theaa  included  Impact  of  packages  of 
exploalwea  during  manhandling  operations  at  tha  %rtiarf ;  frlotion~lnitiatad 
axploaion  of  apllt  powder  axploslvaa  during  loading/unloading t  and  flraa 
started  aboard  tha  ahip  which  opraad  to  tha  axploalvaa.  Tha  Introduction 
of  palletlaad  loading,  or  batter  atill  frel^^t  oontalnara  with  appropriate 
lifting  equipment,  would  raduoa  tha  first  two  rlaka  considerably  but  such 
ohangas  could  not  be  hrou^t  about  quickly.  On  the  other  hand  fire 
prevention  maaaurae,  already  at  a  standard,  could  be  further  .improved 
qiilokly.  This  Involved  some  Inoonvenlanoe,  such  aa  the  banning  of  fires 
in  the  ship's  galley,  and  addltioxial  effort  such  aa  the  Inatltutlon  of  a 
fire  risk  survey  before  loading  operations  oommenoed  to  remove  potential 
fire  risks  like  paints,  solvents,  rags  which  usually  abound  on  board  ships. 
It  nay  be  remarked  that  the  intuition  of  any  good  safety  officer  migiit 
have  led  to  similar  observatlone  but  the  risk  analysis  quantified  the  risks 
attaching  to  these  factors  and  so  highlighted  those  deserving  most 
attention.  The  analysis  also  showed  up  a  number  of  faotora  tdiioh  were 
lass  obvious. 

HffiSEMTATION  OP  THE  RBSDITS 

17.  After  all  the  recommendations  for  laq^xovements  had  been  made,  and  the 
administrative  arrangements  had  been  worked  out  to  restrlot  activities  at 
both  the  leisure  centre  and  the  wharf  so  that  they  might  oo-exiat,  the 
oruolal  question  renainedi  "Was  the  residual  risk  tolerable?"  It  should  be 
emphasised  that  we  were  dealing  with  a  fait  accompli.  DUquastioxuibly  the 
risk  would  not  have  been  tolerated  in  the  case  of  a  proposal  for  a  new 
project  to  build  such  a  leisure  centre  so  close  an  explosives  wharf.  Risk 
analysis  begins  only  >dien  quantity-distances  fail  to  deal  with  a  situation. 

18.  An  earlier  study  on  a  much  larger  scale  had  been  completed  by  the 
Health  and  Safety  Ibceoutlve  and  had  been  openly  published  in  the  report 
"Oanvey:  an  investigation  of  TOtential  haaarda  from  operations  in  the 
Canvey  Island/Dhurrodk  area"  (June  197S).  Figure  13  shows  the  eooietal 
risk  at  the  explosives  wharf  and  that  of  a  particular  installation  in  the 
Canvey  complex,  before  and  after  certain  iisprovements.  One  could  devote  a 
aemlnar  to  the  caption  for  the  shaded  sons  at  the  bottom  of  the  g(raph.  Is 
any  particular  value  of  risk  g^enesrally  deemed  to  be  "negligible"  or  should 
the  value  vary  with  the  magnitude  of  the  consequences? 
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19*  Oonparlaons  oan  be  mialeedlng.  The  word  "fatalities"  is  sonetimes 
used  to  include  seriously  injured  people  rather  than  deaths.  Hie  hasard 
from  high  explosives  at  a  fixed  site  is  different  In  character  from  explosive 
or  toxic  gas  clouds  which  drift  downwind  and  oaxi  therefore  affect  much  greater 
munbers  of  people.  The  capital  investments  in  facilities  may  be  quite  different 
and  BO  may  the  shift  of  resources  required  to  effect  a  significant  reduction  of 
risk.  Despite  all  these  reservations,  this  comparison  was  instrumental  in 
resolving  the  problem  without  recourse  to  either  of  the  costly  extreme  courses 
of  action  mentioned  earlier. 

Ihe  press  devised  some  emotive  headlines  (Figure  14'^  but  the  general 
of  the  public  and  local  organisations  seemed  to  be  that  the 
^  had  got  it  about  right.  The  compromise  solution  was  not  strongly 

opposed 


LOOKING  TO  THE 


-  AND  THE  PAST 


21.  In  conclusion,  risk  ahMy^^  served  well  in  this  instance.  It  will 
not  usurp  the  role  of  tradltlona!b-.qmlosives  quantity-distances  criteria 
because  it  is  much  too  time  oonsumi^t^^if  done  properly.  Its  function 
will  be  to  provide  the  means  to  explore "ind.  evaluate  other  courses  of 
action,  and  particularly  to  rank  them  to  help'dsclde  the  most  cost 
effective  option,  when  the  traditional  rules  oaniibVJse  observed  for 
some  compelling  reason. 

22.  In  the  case  of  this  wheirf,  the  analysis  highlighted  the"^^tsntlal 
advantages  of  unltised  loading  of  explosives  (Figure  13).  Incidentally, 
this  could  be  a  tricky  operation  at  an  anchorage  which  is  sometimes 
required  in  other  harbours  because  of  strict  observance  of  quantity- 
distance  concepts  at  berths.  It  could  be  even  mure  tricky  in  the  case  of 
a  freight  container  at  an  anchorage  (Figure  16)  unless  loading  is 
restricted  to  reasonably  calm  seas  and  winds.  The  ideal  would  be  the 
use  of  freight  containers  at  dedicated  container  berths  but  Harbour 
Masters  are  reluctant  to  risk  their  valuable  installations  for  goods  of 
Division  1.1. 


23.  Life  was  much  simpler  1CX3  years  ago.  Figure  1?  shows  how  explosives 
used  to  be  loaded  near  this  troublesome  wharf.  One  simply  caurried  a 
package  down  the  beach,  paddled  to  a  rowing  boat,  and  rowed  out  to 
the  ship.  Not  only  was  the  operation  safe,  it  was  secure  thanks  to  the 
ubiquitous  British  policeman. 


* 


» 


» 
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THE  LOW  PROBABILITY  OF 
ISN'T  IT  WORTH  A  CENT 


ACCIDENTAL  EXPLOSIONS: 
IN  EXPLOSIVES  SAFETY? 


by 


Hans  A.  Mere,  M.ASCE/SIA 
Ernst  Basler  &  Partners 
Consulting  Engineers  and  Planners 
Zurich,  Switzerland 


ABSTRACT 

V 

In  recent  years,  the  problems  in  complying  with  well-known  safety-distance  regu¬ 
lations  for  ammunition  and  explosives  storages  steadily  increased  in  Switzerland. 
As  a  reaction,  the  concept  of  quantitative  risk  assessment  was  developed  to  guar¬ 
antee  the  safety  of  such  storages.  This  concept  allows  to  take  into  account  both 
the  probability  of  an  explosion  and  its  consequences. 

It  is  shown  that  the  safety-distance  concept  was  originally  developed  as  a  reac¬ 
tion  to  the  numerous  large  explosions  which  occurred  around  the  turn  of  the  cen¬ 
tury.  Since  that  time  the  conditions  have  changed.  Today,  such  explosions  are 
rare  events.  Therefore,  it  is  proposed  to  modify  the  safety-distance  concept  by 
introducing  the  low  probability  as  main  guarantor  of  safety.  Necessary  steps  to 
promote  this  change  include:  demonstration  that  the  probability  is  actually  low, 
investigation  into  the  reasons  why  it  is  low,  and  development  of  a  model  to  take 
into  account  both  probabilities  and  consequences  of  accidental  explosions.  The 
Swiss  experiences  with  such  a  concept  have  shown  that  problems  with  storage  fa¬ 
cilities  not  complying  with  safety-distance  regulations  can  often  be  solved  ef¬ 
ficiently  and  economically. 


Paper  presented  to 

Twentieth  Explosives  Safety  Seminar,  24  -  26  August  1982 
The  Omni  Hotel,  Norfolk,  Virginia,  USA 
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ORIGIN  OF  THE  QUANTITY-DISTANCE  TABLES 

Around  the  turn  of  the  century,  a  large  number  of  storage  magazines,  primarily 
of  the  commercial  explosives  industry,  exploded.  The  famous  "History  of  Explo¬ 
sions"  compiled  by  Ralph  Assheton  ')  tells  us  that  during  the  period  between 
1875  and  1925  large  and  disastrous  explosions  involving  up  to  100  tons  of  explo¬ 
sives  and  causing  up  to  10  fatalities  occurred  at  an  average  rate  of  one  per 
year.  At  the  same  time,  an  even  larger  number  of  small  and  less  damaging 
explosions  took  place  (Figure  1). 

The  reaction  of  the  public  to  these  accidents  was,  at  that  time,  clear  and 
straightforward:  storage  of  explosives  is  an  extremely  dangerous  activity.  There¬ 
fore,  we  demand  that  the  consequences  in  case  of  an  explosion  be  kept  as  low  as 
possible. 

Based  on  this  attitude  and  on  damage  records  collected  during  those  years,  the 
famous  "American  Table  of  Distances"  was  elaborated  by  a  group  of  experts  of  the 
explosives  industry  in  1909.  This  was  the  first  recognized  regulation  in  the 
United  States  which  specified  safe  distances  for  explosives  magazines.  It  was 
based  on  the  assumption  that  beyond  the  specified  safe  distances  damage  to  per¬ 
sons  and  structures  should  be  minimal  (Figure  2). 

Though  use  of  the  American  Table  of  Distances  was  primarily  intended  for  the  com¬ 
mercial  explosives  industry,  it  was  adapted  by  the  US  Government  for  the  ammuni¬ 
tions  storage  following  a  series  of  spectacular  explosions  in  such  magazines. 
Since  then,  minor  changes  and  refinements  of  the  quantity-distance  relationship 
were  made  on  various  occasions,  but  the  basic  philosophy  of  the  original  American 
Table  of  Distances  remained  unchanged  up  to  this  day:  the  consequences  in  case 
of  an  explosion  must  be  kept  low. 

Whereas  the  philosophy  remained  the  same,  a  distinct  change  of  entirely  different 
nature  can  be  observed:  the  frequency  of  large  explosions  in  storage  magazines 


*)  Ralph  Assheton:  "History  of  Explosions  on  which  the  American  Table  of 

Distances  was  Based".  Published  under  the  direction  of 
the  Institute  of  Makers  of  Explosives,  Charles  Story 
Press  Co.,  Wilmington,  Delaware,  1930 
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with  potentially  serious  consequences  continuously  dropped  to  a  level  where  large 
explosions  in  storages  can  be  considered  rare  events.  This  decrease  can  be  at¬ 
tributed  to  a  number  of  factors,  first  of  all  to  more  rigorous  safety  rules  for 
the  handling  and  storage,  and  to  better  quality  and  control  of  explosives  and  am¬ 
munition.  A  look  at  probable  causes  of  some  of  the  explosions  which  happened  at 
the  beginning  of  this  century  clearly  demonstrates  how  drastically  things  have 
changed  in  the  meantime  (see  Figure  3). 

There  is  no  doubt  that  today's  storage  and  handling  conditions  and  the  improved 
quality  of  explosives  and  ammunition  are  not  comparable  to  those  prevailing  at 
the  time  when  the  American  Table  of  Distances  was  created.  Today,  we  find  oup- 
selves  in  the  situation  that  we  apply  rules  to  modem  explosives  and  ammunition 
which  were  developed  at  a  time,  when  the  explosives  industry  was  in  its  infancy. 
Isn't  this  reason  enough  for  reconsidering  the  philosophy  of  strictly  limited 
consequences  and  for  taking  into  account  the  numerous  efforts  in  reducing  the 
frequency  of  explosions? 

In  the  present  concept  of  quantity-distance  relationships,  efforts  to  reduce  the 
probability  do  not  pay  off.  They  are,  so  to  speak,  treated  as  additional  hidden 
reserves.  Nobody  has  to  fear  the  blame  of  having  done  too  little  for  safety  with 
this  concept.  But  the  day  might  come  when  we  will  be  blamed  for  having  done  too 
much  and  for  having  wasted  money  which  could  have  saved  more  lives  in  other  po¬ 
tentially  hazardous  activities  of  our  society. 

The  problem  finally  boils  down  to  the  simple  question  whether  we  can  afford  to 
limit  both,  probabilities  and  consequences,  to  a  low  level  at  the  same  time.  This 
is  not  to  say  that  the  present  concept  should  be  abandoned  immediately  and  every¬ 
where.  But  when  actual  difficulties  arise  in  complying  with  safety  distances  dur¬ 
ing  the  operation  of  existing  magazines  or  in  connection  with  the  location  of  new 
magazines,  the  present  concept  has  to  be  questioned. 

It  is  this  situation  which  has  come  up  in  Switzerland  in  the  last  ten  to  twenty 
years  because  of  its  densely  populated  areas.  Practical  problems  have  forced  us 
to  explore  new  ways  of  guaranteeing  the  safety  of  ammunition  magazines.  In  a 
first  step,  the  concept  of  safety  distances  was  replaced  by  the  concept  of  quan¬ 
titative  risk  assessment,  on  which  we  reported  in  former  papers  to  this  semi- 


) 
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nar  ‘).  Such  risk  assessments: basically  allow  to  take  into  accourt  both,  the  pro 
bability  of  e.'tploslons  and  their  consequences.  Since  the  limitation  of  the  conse 
quences,  which  was  of  primary  concern  at  the  beginning  of  the  era  of  risk  assess 
tnent,  became  increasingly  diff  :ult  in  practice,  a  comprehensive  investigation 
into  the  probability  part  has  been  initiated.  This  paper  summarizes  some  of  the 
experiences  and  results  obtained  so  far. 


THE  CONCEPT  OF  THE  PARTNERSHIP  OF  PROBABILITY  AND  CONSEQUENCES 

When  exploring  ways  to  guarantee  the  safety  of  different  potentially  hazardous 
activities  in  our  society,  we  can  notice  marked  divergencies. 

As  an  example,  the  safety  , of  large  dams  or  of  airplanes  is  mainly  based  on 
the  low  probability  of  accidents.  Nobody  would  dare  to  require  safety  dis¬ 
tances  for  dams  or  beneath  air-routes.  Airplane  passengers  can  only  rely  on 
a  low  probability.  And  there  are  many  other  activities  in  our  society  where 
the  low  probability  is  an  accepted  guarantor  of  safety. 

.  Even  in  the  explosives  industry,  we  can  observe  different  ways  of  warranting 
safety: 

-  In  the  production  of  ignitors,  for  instance,  events  might  be  very  frequent, 
but  their  consequences  are  kept  negligible.  The  machine  might  not  even  stop 
the  production. 

-  In  the  short-time  intermediate  storage  of  large  production  batches,  on  the 
other  hand,  we  might  completely  rely  on  the  small  probability  of  an  acci¬ 
dent,  though  we  know  that  the  consequences  could  be  disastrous.  The  same 
is  true  for  the  transportation  of  explosives  on  the  road. 


')  See  Papers  by  Th.  Schneider  in  the  Proceedings  of  the  17th,  18th  and  19th 
DOESB  Seminars 
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These  examples  lead  us  to  two  conclusions: 

1.  There  are  marked  differences  In  the  way  safety  Is  guaranteed  for  various 
hazardous  activities  In  our  society.  Whether  we  rely  on  low  probabilities  or 
low  consequences  Is  a  matter  of  technical  possibilities,  practicability  and, 
last  but  not  least,  tradition.  However,  It  Is  hardly  ever  expllcitely  stated 
why  the  one  or  the  other  concept  is  used. 

2.  Relying  on  a  small  probability  Is  neither  an  immoral  nor  an  evil  thing.  In¬ 
stead,  in  our  society,  it  is  considered  an  equal  partner  to  the  low  conse¬ 
quence  concept.  Though  we  can  observe  a  strong  tendency  to  reduce  safety 
problems  to  either  a  probability  case  or  a  consequence  case  in  practice,  the 
equal  partnership  of  probability  and  consequence  is  generally  accepted. 


In  conclusion,  it  can  be  stated  at  this  point  that  recognizing  this  partnership 
of  probability  and  consequences  can  be  a  way  of  getting  away  from  the  pure  conse 
quence  thinking  in  explosives  safety  and  throwing  off  the  burden  of  unfavorable 
historical  accident  records. 


APPLYING  THE  PARTNERSHIP  IN  AMMUNITION  STORAGE 

The  reason  for  the  application  of  the  consequence  concept  in  the  safety  of  ammu¬ 
nition  storages  is  merely  traditional.  There  is  many  an  argument  for  reconsider¬ 
ing  this  traditional  concept: 

.  The  probability  of  a  large  explosion  in  ammunition  storages  lies  in  the  same 
order  of  magnitude  as  the  break  of  a  major  dam,  for  instance  (Figure  4). 

.  There  are  large  differencies  in  the  probabilities  of  explosions  between  in¬ 
dividual  magazines.  A  storage  full  of  shells  filled  with  TNT  and  removed  fuses 
is  less  probable  in  going  off  than  a  magazine  with  the  same  amount  of  highly 
sensitive  explosives  (Figure  5). 
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.  A  difference  of  a  probability  factor  of  10  or  more  between  two  magazines 
could  result  in  a  reduction  of  safety  distances  of  1/3  or  more,  if  the  same 
safety  level  for  individual,  exposed  persons  were  maintained. 

However  convincing  these  arguments  may  be,  the  most  effective  promotors  of  the 
concept  of  equal  partnership  of  probability  and  consequence  are  acute  problems 
and  the  necessity  of  solving  them. 

The  increasing  urbanization  in  Switzerland  made  it  more  and  more  difficult  and 
impossible  to  meet  Quantity-distance  requirements  and  to  reduce  the  consequences 
calculated  in  quantitative  risk  assessments  to  tolerable  levels.  As  a  reaction  to 
this  situation,  a  comprehensive  investigation  is  presently  performed  to  guarantee 
the  safety  of  particularly  critical  magazines,  primarily  on  the  basis  of  small 
probabilities.  The  goal  of  this  investigation  is  to  develop  a  rational  and  trans¬ 
parent  model  for  the  partnership  of  probabilities  and  consequences. 

Iri  order  to  proceed  in  this  new  direction,  three  major  areas  of  investigation 
were  identified: 

-  Vq  need  to  show  how  large  or  small  the  probability  of  explosions  is  in  reality. 
We  need  a  statistical  analysis,  based  on  accident  records  and  corresponding 
reference  data  such  as  number  of  operated  magazines,  total  amount  of  stored 
ammunition,  etc. 

-  We  need  to  show  why  the  probability  is  low,  how  it  was  decreased  and  how  we 
can  decrease  it  further.  We  need  a  model  for  assessing  the  effectiveness  of 
safety  measures  acting  on  the  probability  side. 

-  We  need  to  show  on  which  rationale  a  reduction  of  the  probability  is  set  off 
against  a  reduction  of  the  consequences.  We  need  a  model  which  links  proba¬ 
bility  and  consequence  to  something  like  a  tolerable  safety  level. 

Though  much  work  still  has  to  be  done  in  this  investigation,  some  of  the  prelimi¬ 
nary  results  can  be  mentioned: 

-  Based  on  the  fact  that  not  a  single  explosion  occurred  in  our  country  since 
1950,  the  average  probability  of  an  explosion  in  a  storage  magazine  is  esti- 


i 
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mated  to  He  somewhere  around  10*^  per  year  and  magazine. 

-  The  difference  between  the  "best"  and  the  "worst"  magazine  can  be  as  large  as 
a  factor  of  100  or  more. 

These  differences  are  primarily  due  to  type  and  sensitivity  of  the  ammunition 
stored  In  a  particular  magazine,  and  type  and  equipment  of  the  magazine. 

-  Based  on  an  Investigation  Into  the  causes  and  the  development  of  possible  ex¬ 
plosions,  the  following  safety  measures  contribute  most  significantly  to  low 
probabilities: 

.  Generally  safe  ammunition  produced  today 

.  Continuous  quality  control  during  manufacturing  and  storage  of  explosives 
and  ammunition 

.  Rigorous  safety  rules  for  the  personnel  Involved  In  the  storage 
.  Early  warning  devices  and  fire  protection 
.  Rigorous  security  protection 

The  rationale  on  which  we  set  off  probabilities  against  consequences  is  the  model 
of  quantitative  risk  assessment.  This  model  allows  an  easy  numerical  considera¬ 
tion  of  both  quantities. 

As  a  result  of  the  work  performed  so  far,  buildings  erected  in  the  immediate  vi¬ 
cinity  of  storage  magazines  could  be  tolerated  in  individual  cases,  because  spe¬ 
cial  and  individually  determined  safety  measures  were  taken  to  keep  tne  probabi¬ 
lity  at  extremely  low  levels. 


SUMMARY  AND  CONCLUSION 

It  is  known  experience  that  traditions  are  not  easily  given  up.  The  application 
of  quantity-distance  relationships  in  the  safety  of  ammunition  magazines  has  its 
roots  in  a  tradition  going  back  to  the  turn  of  the  century.  It's  an  equally  known 
experience  that  traditions  are  only  given  up  when  actual  problems  force  to  do  so. 
In  Switzerland,  this  situation  has  come  up,  and  new  ways  have  been  sought  to  gua- 


rantee  safety.  The  features  of  this  new  method  are  as  follows: 

-  The  quantity-distance  concept  or  the  concept  of  limited  consequences  of  acci¬ 
dental  explosions  was  developed  under  the  Impression  of  the  unfavorable  acci¬ 
dent  records  at  the  beginning  of  this  century.  Today's  situation  In  ammunition 
storage  Is  so  markedly  different  and  better  that  the  low  probability  of  large 
explosions  must  be  taken  Into  account. 

-  As  safety  concepts  In  other  hazardous  activities  of  our  society  show,  pro¬ 
bability  and  consequences  are  considered  and  generally  accepted  as  equal  part¬ 
ners  In  the  safety  business. 

-  The  Swiss  safety  concept  for  ammunition  storages  Is  based  on  the  partnership 
of  probability  and  consequences,  it  concludes  the  demonstration  that  probabi¬ 
lities  are  Indeed  low,  why  they  are  low  and  the  rationale  of  the  model  of 
quantitative  risk  assessment  for  setting  off  probabilities  against  consequen¬ 
ces. 

This  new  way  has  offered  solutions  for  the  economic  operation  of  existing  stor¬ 
age  facilities,  which  otherwise  would  have  needed  safety  waivers,  or  which  were 
about  to  be  given  up. 
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OF  EXPLOSIOilS/YEAR 
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THl  CAUSB  OP  EXPLOSIONS 
AROUNO  THB  TURN  OP  THR  CENTURY 

( Taksn  Pam  ttm  *HEitory  pt  lupleNowa*  by  R.  Aaalwion ) 


accident  may  have  happened  through  the  oareieaaneaa  of  the 
aoklera  aa  the  moat  elementary  niea  of  aafety  were  violated.* 


“..Ml  agent  sent  some  years  before  ( the  explosion )  to  destroy  some 
old  dynamite  in  the  magazine  ;so  old  that  H  v/as  in  a  danget'ous  condition, 
said  that  he  found  difficulty  in  persuading  the  officer  in  charge  to  throw 
away  his  cigarette  at  the  door  of  the  powder  room.  He  also  said  that  the 
floor  was  a  quarter  of  an  inch  thick  in  ioose  biack  powder  and  oniy  by 
refusing  to  enter  could  he  induce  the  officer  to  remove  hte  naled  soled 
shoes.* 


*.>.the  storekeeper .......  said  that  a  carpenter  was  repairing  ( leaking  ) 

powder  boxes  at  the  time  (  of  the  explosion  )  and  he  thought  that  driving 
naBs  in  the  Ids  set  the  powder  off.* 


'....apontaneous  decomposition _ is  thought  to  have  been  the  cause 

of  the  explosioa* 
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Probability  p  Probability 


^  lower  probability  justifies  a  reduction  of  the  safety  distances. 


